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PREFACE 


The first edition of this text-book of physiology appeared in 1939. Tt was reprinted 
in the difficult war years, while in 1951-53 much of it was rewritten. For the present 
edition some parts have been abridged and a number of changes and additions 
made. 

In preparing this text-book, the authors sought to reflect as fully as possible all the 
fundamentally new ideas introduced into physiology by I. P. Pavlov, our teacher and 
renowned naturalist. Pavlov paved the way for an understanding of the physiological 
processes in an integral, normal organism that is in natural contact with the external 
environment. This was achieved by Pavlov not only by introducing and systematically 
applying his absolutely novel methods of research. Of still greater importance in the 
creation of a new physiology—the physiology of an integral organism—was Pavlov's 
new principle of investigation: this required that all phenomena in an organism be 
studied in their dependence on the nervous system which ihrough refiexes establishes 
all the connections of the animal organism with surrounding nature, Preciscly this 
principle underlies Pavlov’s great teaching on conditioned reflexes, which extended 
the principle of scientific determinism toa comprehension of the most intricate phenom- 
ena in the world—a knowledge of all forms of activity of the higher parts of the 
brain, including consciousness, 

From this it follows (and we have endeuvoured to show it) that the integrating 
activity of the nervous system, in the true sense of the word. cun be understood only 
if we examine the nervous activity in its entirety as based on the reflex mechanism, 
in the new, Pavlovian concept. Normally cach reflex act is an indissolub!e union of 
conditioned and unconditioned reflexes; these reflex acts determine the cheracter and 
course of all physiological processes which depend on the concrete conditions of the 
existence of animals and of man's activity. 

Such are the fundamental principles which we have tried, within the limits of 
available factual material, to reflect in this book. The authors realize that so far they 
have not fully coped with their task. However, their attempt is justified if only by 
the fact that even an outline of the significance of the principles underlying Pavlov's 
teaching may in a certain measure help to disseminate them. 

Speaking of the prospects of his rescarch, Pavlov said that when he expounds his 
work he “fervidly dreams of the possibilities, majestic and ever-growing, which 


13 


would open up before our science, and of the boundless influence this science would 
have on human nature and human destiny.” This “boundless influence” of physiology 
that Pavlov mentions must serve only lofty purposes. Our science is aimed at improv- 
ing the health of people, at delivering them from physical suffering during illness. 
It contributes to a wise organization of labour, leisure and nourishment; it helps to 
conquer inaccessible heights, lo penetrate the depths of the oceans; it strives to make 
known the laws which govern the behaviour of the human body. The authors offer 
this book to forcign students and physicians in the hope that thereby they will make 
their modest contribution to the international scientific ties which serve the cause 
of peace and progress. 

K. Bykov, 

Member of the U.S.S.R. Academy 
of Sciences 


PART 1 
FUNDAMENTAL CONCEPTS OF PHYSIOLOGY 


CHAPTER 1 
THE SUBJECT AND BRIEF HISTORY OF PHYSIOLOGY 
The Subject and Branches of Physiology 


The physiology of man and animals is the study of the functions of human 
and animal organisms in their interaction with the environment. To make 
the vital activity of the organism known, physiology must define the signif- 
icance of its various functions, the interconnection of these functions and 
their dependence on external and internal conditions. Analyses of partic- 
ular functions of the organism must be subordinated to the task of under- 
standing the vital activity of the organism as a whole in different conditions 
of iis existence (synthetic study). Synthetic physiology, elaborated on the 
basis of Pavlov’s teaching, is what can lead to a deeper study of the func- 
tions of the organism and to learning to control them. 

As the principal branch of biological sciences, human physiology is 
closely connected with a number of other branches of science. It is, above 
all, indissolubly linked with morphological sciences—anatomy and histol- 
ogy—which treat of the structure of tissucs and organs performing various 
functions of the organism. At the same time when the human organism 
is studied physiologically, the particular significance that. social conditions 
and social labour have for man must always be borne in mind. 

Physics and chemistry are of great importance for the advance of physio- 
logical knowledge. Since the fundamental task of physiology is io study 
the processes developing in the organism, it is highly essential to know 
the physical and chemical laws underlying each physiological function. 
However, physiological phenomena possess definite qualitative features. 
Though based on physical and chemical] laws, they cannot be said to be 
totally governed by them, since they are subject to biological laws arising 
in the course of evolution. 

The branch of physiology which studies chemical processcs in the 
organism has become an independent science—biochemistry—but it has 
preserved a very close connection with physiology. 

As a branch of science, physiology has been engendered by the require- 
ments of practice and, primarily, of medicine. Hence its bond with clinical 
medicine. Clinical practice has substantiated and corroborated a number 
of physiological propositions. Some phenomena observed in the clinic, such 
as the disappearance or derangement of functions of certain organs (for 
example, of the endocrine glands), pathological disturbances of respiration, 
blood circulation, etc., help to establish the physiological significance of this 
or that system or organ. As stated by Pavlov, clinical phenomena in man 
represent experiments performed by life, as it were, which cannot be 
reproduced in a laboratory because no human being can be subjected to 
experiments that may entail unhappy consequences. 
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To ensure a thorough study of the functions both of human and animal 
organisms, physiology has, in the course of its growth as a broad sphere 
of biological knowledge, created its branches with different methods, ob- 
jects of investigation and practical aims. 


Physiology has developed mainly on the basis of a study of higher animals and 
human beings, and, therefore, the facts accumulated by it relate predominantly to the 
organism of mammals, most often of Inboratory animals such as dogs, cats, rabbits. 
guinea-pigs, rats and mice (of the lower vertebrates, the frog was the most important. 
object of experimentation). With the rise of the evolutionary theory, the investigation 
of physiological phenomena at different stages of development of the animal kingdom 
acquired great importance and gave birth to comparative (or evolutionary) physiology 
which studies physiological processes in their phylogenctic development in various 
species of invertebrates and vertebrates. Closely allied with it is the chapter of physi- 
ology Which studies the development of functions in the ontogenesis, 

From a broad biological aspect, the problems relating to the influence of environ- 
ment on the organism of animals are studied by occological physiology. This branch 
of physiology deals with the peculiarities of physiological processes in various specics 
of animals depending on the different conditions of their existence. These conditions 
are determined by the physical and chemical features of the environment, the nature 
of the surrounding locality, climatic factors, as well as by the activities peculiar to 
animals of the piven species. With some corrections, which are always indispensable 
when dealing with data pertaining to animals, the material provided by oecological 
physiology is important for human physiology as well, particularly for a direct study 
of the action of the external environment on man. 

In its progress, physiological science has provided a foundation for a numher of 
physiological branches which are of great practical importance. One of these is the 
physiology of agricultural animals. 

The elaboration of certain problems of clinical medicine has resulted in the crea- 
tion of clinical physiology,* which cmbraces numerous problems relating to the 
fundamental tasks of clinical practice. Particularly great progress has been achieved 
in solving problems elaborated by Pavlov and relating to the clinical physiology of 
digestion, nervous activity and its regulating influence on all processes in the body. 
Success has also been achieved in the work on problems connected with (the clinical 
physiology of internal scerction, blood circulation, respiration, exeretion and metab- 
olism. The study of the physiology of a diseased organism is at the same time a 
practical school of natural-scientitic thought. It is not by accident that the biggest 
physiological institutes of the Soviet Union, the United States and other countries 
are bound up with clinics. 


The Rise of Physiology 


Physiology arose from the requirements of medicine, whose leading 
representatives already in ancient times realized that it is impossible to 
treat a human being without knowing the structure of his body and the 
functions of its organs. The physicians and thinkers of ancient Greece and 
Rome™ tried to obtain an idea of the activity of various organs of the body, 
but their conclusions were based almost entirely on speculative reasoning 
resulting mainly from a study of the rough structure of these organs. 

With the change in social and economic relations in Western Europe 
in the period of the rise and development of capitalism, natural sciences 


* The demarcation line between clinical and pathological physiology is very 
relative, Pathological physiology studies mainly the general mechanisms of the distur- 
bances of the physiological processes (that is why it can base itself largely on experi- 
ments with animals). Clinical physiology. meanwhile, investigates the disturbances 
that occur in various functions of the human organism during certain diseases; 
essentially this is pathological physiology, which is concerned mainly with investigat- 
ing particular pathological phenomena in man. 

** The authors do nol refer in this text-book to data relating to the rise und develop- 
ment of physiology in India and China, since that question has not been sufficiently 
studied by them. 
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developed rapidly: Copernicus established that the earth revolves round 
the sun and laid the foundations of modern astronomy: Newion formulated 
the fundamental principles of mechanics and the law of pravitation; Vesal- 
ius correctly described some specifie features in the structure of the 
human body which had been crroncously interpreted by ancient anat- 
omists; Bacon proclaimed 
that knowledge is true only 
when if is based onexperience; 
Descartes tried to explain 
bath the movement of the 
heavenly bodies and the be- 
haviour of animals by the 
Jaws of mechanics. 

In the same period—"300 
years ago. in conditions of 
profound obscurantism andin- 
conceivable confusion which at 
that time were characteristic 
of the approach towards the 
activity of the human and 
animal organisms, but which 
were sanctified by the irre- 
proachable authority of the 
classical. scientific lepacy— the 
physician William Harvey dis- 
covered one of the most im- 
portant functions of the 
oreanism— blood circulation, 
and thereby laid the founda- 
tion of a new branch of exact 
human = knowledge—animal 
physiology." 

The year 1628, when Harvey discovered blood circulation, is regarded 
us the date of the foundation of physiology not only because one of the 
most essential functions of the organism was investigated for the first time 
Harvey's introduction of vivisection into scientific practice made the dis- 
covery of blood circulation possible. With this method, incisions made in 
the skin coverings and tissues make it possible to expose the organs of 
animals and thus directly observe their tunctions. Harvey's extensive ex- 
periments with physiological processes carried out under special conditions 
were aimed at probing and ascertaining the [actors which determined them. 





The Development of Physiology in the Pre-Pavlovian Period 


In the 17th, 18th and almost the entire first half of the 19th century 
physiological knowledge advanced rather slowly, but some of the discoveries 
made at that period provided the foundation for its further development. 


* L Pavlov, Complete Works, Vol. VI, p. 425. (Preface to the Russian translation 
of W. Harvey's book, Moscow-Leningrad, 1927.) 
References throughout the book are to Russian editions. 
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In 1661, Malpighi discovered the capillaries; blood pressure in the arteries 
was measured for the first time (St. Hales, 1732); Bernoulli’s researches into 
the movement of fluids (1738) laid the foundation for future haemody- 
namics; Borelli gave the first scientific description of the movements of 
the thorax during the respiratory act, as well as of the kinematics of the 
skeleto-muscular levers; Réaumur and Spallanzani (1777) discovered the 
properties of gastric juice. In the 18th century, Whytt made a discovery 
which later underlay the formation of the reflex theory; he showed that 
after the destruction of the spinal cord, a frog no longer responds with a 
motor reaction when its extremity is pinched (Chapter 51). 

The most important achievement of physiology in the 18th century was 
the application of the laws of inanimate nature, the laws of chemistry, to 
processes developing in a living organism. 

In the forties of the 18th century, Mikhail Lomonosov discovered the law 
of constancy of matter and motion, substantiated the kinetic theory of the 
structure of matter, and proved (1748) that oxidized metals absorb a cer- 
lain component part of the air; thus he established that air is a mixture 
of various gases. Thirty years later pure oxygen was isolated, and Lavoisier 
showed that respiration was, in the final analysis, oxidation of Lhe organic 
compounds of the body by the oxygen in the air. By measuring the amount 
of heat produced in the organism as it consumes oxygen, Lavoisicr and La- 
place demonstrated that the oxidative processes yield the same amount. of 
heat both during the oxidation of “carbonic combinations” in the organism 
and during their combustion outside the organism. 

Owing to this there arose in physiology the notion of respiration as chemi- 
cal processes of oxidation, and the notion of “animal heat” as of a release 
of energy determined by the chemical reactions of oxidation. In this way, 
the conneclion between the processes in animate and in inanimate nature 
was established. 

The theory of irritability of tissues, and especially of irritability of nerves, 
was also originated in the 18th century. This was a prerequisite for the 
formulation by Johannes Miller and Marshal) Hall (in the thirties of the 
19th century) of their reflex theory, which existed without change prior 
to Sechenov and Pavlov. In 1812-30 Legallois, Magendie and Flourens 
began to investigate the role of various parts of the brain and of the 
spinal cord. 

Thus, by the middle of the last century, physiology had accumulated 
certain facts concerning blood circulation and respiration; it had advanced 
the notion of reflex and had elaborated methods of access to almost any 
organ of the body. Physiology was already in a position to make use of 
scientific data on the microscopic structure of various organs. 

Such are, in very brief outline, the results attained by physiology 
during the first two centuries of its existence. By the second half of the 
19th century it was already a developed branch of natural science, whose 
deductions were based on experimentation. This branch of science already 
possessed a considerable amount of facis; however, with the exception of 
data on the role of respiration and blood circulation, these facts were 
uncoordinated; they were not united by theoretical concepts of intercon- 
nection between various functions of the organism. 

At the same time, a characteristic feature of the research which was 
done up to the second half of the 19th century was that all the investiga- 
tions were carried out by scientists who worked singly, without collabora- 
tors, and had no special physiological laboratories. There were almost no 
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physiological apparatuses at that time. the only laboratory equipment 
being microscopes, a set of simple instruments for vivisection, scales. 
thermometers and chemical glassware; calorimeters of Lavoisier, pumps 
and Leyden jars were the most complex instruments of that time. The first 
manometers and galvanometcrs appeared in the period between 1820 and 
1850. Before the middle of the 19th century physiology had already taken 
final shape as an independent. branch of science, but all of its outstanding 
representatives were simultaneously practising physicians (Bichat, Magen- 
dic, Bell), anatomists and zoologists (Spallanzani, Miller), or physicists and 
chemists (Boyle. Lavoisier). 

In approximately the second half of the 19th century. physiology began 
io make rapid strides along with all the other exact sciences. This was duc 
to the rapid growth of the productive forces which required the develop- 
ment of exact knowledge of nature and resulted in a considerable exten- 
sion of natural-scientific research. 

Three great discoveries of natural scienec—the law of conservations of 
energy, the cellular theory and the theory of evolution—were responsible for 
the swift progress of all biological sciences in that period. The advance of 
physics and chemistry armed the researchers of that time with a number of 
methods which enabled them to study physiological processes quantitatively 
and to elucidate {he chemical processes taking place in the organism. The gra- 
phic method of recording elaborated by Helmholtz. Ludwig, Marcy and others 
made it. possible to record with accuracy such processes as the contraction 
of muscles, the propagation of electrical chunges in the nerves, the varia- 
Lions in pressure in the blood vessels, in the heart, etc. This enabled physi- 
ologists to measure changes occurring in physiological processes during 
short periods and to reveal phenomena which cannot be observed without 
objective registration. In this way. for example, the connection between 
the variations in blood pressure in the vessels and the phases of cardiac 
activity (Marey. Ludwig) were investigated and the rale Gf conduction 
of excilation in the nerves (Helmholtz) measured. 

In the second half of the 19th century, due to the study of the cellular 
structure, it proved possible to find the link between the activity of various 
organs and the structural peculiarities of the cells and tissues of which 
they consist. Definite tissue structures with which the functions of the 
organism are connected were discovered (for example, the connection 
between the activity of the nervous system and the mutual disposition of 
the nerve cells and of their processes). The discovery of the law of con- 
servation and transformation of energy made it possible to arrive at 
a quantitative description of physiological processes from the aspect of 
energy loss and energy accumulation (Mcyer, Pfluger, Pashutin, Likhachov, 
Rubner). 

In the second half of the 19th century. physiology attained great suc- 
cesses in describing the functions of individual organs and systems of the 
organism, as well as in studying some of the mechanisms regulating their 
activity. It may be said that by the beginning of the present century the 
significance of the functions of almost every organ was known in general 
outline at least. Physiology investigated the influence of the nervous 
system on the heart (Weber, Bezold, Cyon, Pavlov). on the blood vessels 
(Bernard, Ludwig, Walther, Ovsyannikov), on the skeletal muscles (Magen- 
die. Helmholtz, Wedensky), on the smooth muscles of the alimentary tract 
and urinary bladder (Pflüger, Mislavsky, Langley). In the eighties and nine- 
ties. the physiology of digestion was investigated by Pavlov in such detail 
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with new methods and from fundamentally new positions that to this day, 
essentially recreated by Pavlov, this is one of the most developed branches 
of science, 

An important role in giving us our knowledge of the processes in the 
organism was played by the investigations of electrical phenomena in 
living Lissucs, mainly in the nerves and skeletal muscles, which were 
started at the close of the 18th century by Galvani, and greatly developed 
only in the period between the forties and the eighties of the last century 
(Du Bois-Reymond). 

Hermann and Wedensky, basing themselves on a study of the electrical 
potentials arising as a result ol stimulation of a nerve or muscle, created 
the concept of the so-called wave of excitation, or nerve impulse. 

The second half of the 19th century witnessed the progress of research 
into the inborn (unconditioned) reflexes in all animals of a given species. 
The results of this research were of great importance, for they revealed 
the inborn mechanisms regulating the activity of various organs and 
enabled us to diagnose disorders of the nervous system (details can be 
found in Chapter 60). The discovery by Pflüger in the early fifties of the 
irradiation of excitation in the nervous centres and, particularly, the 
discovery by Sechenov in 1862 of the phenomena of inhibition in the 
central nervous system, gave rise to the study of the factors which deter- 
mine lhe nature of inhibition and its role in reflex activity. Since then the 
study of the activity of the central nervous system invariably includes the 
phenomena of inhibition. because normally in the nervous system (and 
consequently in the entire organism) not a single phenomenon exhibits 
inhibition without excitation. 

In the second half of the 19th century, extensive research was carricd 
out into the properties of various parts of the central nervous system; this 
research proceeded [rom observations on the consequences of extirpation 
or stimulation (see Chapter 64) of different parts of the brain and spinal 
cord (Flourens, Magendie. Goltz, Fritsch and Hitzig, Ferrier, Mislavsky. 
Bekhterev and others). 

The same period witnessed important investigations into the properties 
of the organs of vision and audition (Helmholtz) and the study of the role 
of nervous apparatuses (receptors) located in the internal organs and skel- 
etal muscles and stimulated when their activity changes (Sechenov, Hering, 
Pavlov, Sherrington, Ludwig, Cyon). 

The elaboration of problems relating to intermediary metabolism—trans- 
formation of glucose into glycogen (Bernard), transformation of products 
of protein metabolism in the liver (Nentsky, Pavlov), etc., was likewise 
begun in the second half of the 19th century. The study of the chemical 
composition of various organs and tissues in the animal body, as well as of 
the chemical processes of transformation taking place in it, has developed 
into a special chemical branch of physiology. 

In briefly touching upon the development of physiology in Russia, we 
have lo state that among the important achievements of science in the 
first half of the 19th century were the investigations carried out by Walther 
and Basov. In 1842, Walther (1817-1889), a pupil of N. Pirogov, showed 
that a cross-cut of the “sympathetic nerve threads admixed to the sciatic 
nerve of a frog” (i.c., of the sympathetic nerve fibres) caused a dilation of 
the vessels of the web. In the same year Basov (1812-1879) elaborated a 
method of penetrating the stomach of an absolutely healthy animal by 
applying a stomach [fistula and, for the first time in the history of physi- 
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ology, demonstrated the feasibility of a protracted, chronic experiment. 
However, Walther and Basov did not appreciate the importance of 
their discoveries and did not develop them. Claude Bernard was 
the man who elaborated the theory of innervation of blood vessels. But 
it was Pavlov who turned the method of investigating physiological proc- 
esses in normal, healthy animals into an instrument which revolution- 
ized the entire development of physiology. 
The works of Sechenov marked a new stage in Russian physiology. 


Sechenov was born in 1829 
in the former Simbirsk Gu- 
bernia. In 1850, after a short 
period of service in Che army 
as an officer in the engi- 
neering corps, he entered the 
medical faculty of Moscow 
University. There, under the 
suidanee of Glebov and Or- 
lovsky, he learned the prin- 
ciples of experimental and 
theoretical physiology. Not only 
the medical faculty, but the 
university us a whole, with its 
intense activity, together with 
Granovsky's lectures on history 
and the ideological atmosphere 
created by the philosophical 
works of the revolutionary- 
democrat. A. Herzen, played an 
outstanding role in forming 
Sechenov’s world outlook. His 
materialistic views, which un- 
derlay all his creative work. 
took shape already in his 
student days at the university. 

In 1856. after his graduation, 
Sechenov went abroad on a 
scientific mission. There he 
worked in the laboratories of 
Ludwig, Helmholtz and Claude 
Bernard. 

Upon his return to Russia, 
he headed the chair of phy- 
siology of the Medico-Surgical 
Academy (later renamed the 
Military Medical Academy) in 
Petersburg. 





T. Seehenoy 


In 1862, Sechenov discovered the phenomenon of inhibition in the central 
nervous system, and in 1863, he published his brilliant work Refleaes of the 
Brain, in which he gave a consistently materialistic interpretation of 
mental phenomena. This book made him a political suspect in the eyes 
of the tsarist government, and only the fear of attracting stil greater 
attention to this work compelled the government of Alexander II to pive 
up the idea of taking legal action against Sechenov. Subsequently, Sechenov 
worked at the Odessa, Petersburg and Moscow universities. He died in 
Moscow on November 15, 1905. 

Sechenov has gone down in the history of science as a great scientist 
and thinker; he was the first to subject the most intricate domain 
of nature—the phenomena of consciousness—to a natural-scientific 
analysis. 


Sechenov had many pupils. some of whom became prominent scientists. 
For example, N. Spiro discovered the so-called reciprocal inhibition in 
antagonistic centres (the fame of the English rescarcher Sherrington is due 
10 a large extent to his thorough claboration of this problem). V. Pashutin 
(1845-1901), another of Sechenov's pupils, founded the Russian school of 
pathology (pathological physiology) and, jointly with A. Likhachov, was 
the first to work out precise methods of directly measuring the total heat 
produced in the human organism. The outstanding pharmacologist N. Krav- 
kov was also a pupil of Sechenov, as was the prominent physiologist 
B. Verigo, who investigated the peculiarities of the action of a continuous 
current. on the tissues and showed that the taking up and release of oxygen 
by hacmoglobin play an important role in the carriage of carbon dioxide by 
the bluod. 

Sechenov's associates included M. Shaternikov (1870-1939), who studied 
general metabolism, and A. Samoilov (1867-1930), the prominent investi- 
gator of electrical phenomena in living tissues who first advanced the 
hypothesis of a chemical mechanism governing the transmission of excita- 
tion from the nerve to the skeletal muscle and from one neuron to another 
in the central nervous system. 

Nikolai Yevgenyevich Wedensky (1852-1922) was one of Sechenov’s 
pupils at Petersburg University; after Sechenov and Pavlov, he must with 
all justification be ranked among the leading Russian physiologists. In his 
remarkable experimental researches, Wedensky, who had participated in 
the revolutionary movement in his youth, advanced the important concepit, 
of the inner unity of the externally opposite phenomena of excitation and 
inhibition. A. Ukhtomsky (1876-1942) carried on Wedensky’s researches and 
profoundly developed his ideas. 

Among the physiologists who worked in Petersburg beginning with the 
sixties and seventies of the 19th century were I. Cyon who, together with 
K. Ludwig, proved the existence in the aortic arch of specialized sensitive 
formations—receptors stimulated by the rise of arterial blood pressurc, 
F. Ovsyannikov (1827-1906) to whom science owes the study of the vaso- 
motor centre and of a number of researches into the fine structure of the 
nervous system, and I. Tarkhanov (1846-1908), who is known Jor his dis- 
covery of the skin galvanic reflex. 

A prominent place in the development of Russian physiology belongs 
to Kazan University, where N. Kovalevsky (1842-1891) and his successor, 
N. Mislavsky (1854-1929) used to work. Kovalevsky discovered that arterial 
blood pressure rises as a result of the accumulation of carbon dioxide in 
the organism. Mislavsky ascertained the exact lecation of the respiratory 
centre in the medulla oblongata and jointly with V. Bekhtcrev established 
that the stimulation of the cerebral cortex influences respiration and 
blood circulation. 

Important physiological investigations relating to various branches of 
physiology were made by Professor V. Danilevsky of Kharkov (1852-1939), 
V. Chagovets of Kiev, and A. Kulyabko of Tomsk." 

But the most outstanding role in the development of physiological 
science as a whole was played by Pavlov. 


* Besides the above-mentioned researchers, a number of other Russian scientists 
(Babukhin, Bubnov, Sobolev, Rogovich, Betz, Sokovnin, Smirnov, Ustimovich, London 
and others) carried out important investigations, which are referred to in the 
corresponding chapters of this book. 
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Pavlov was born on September 27, 1849, in Ryazan. He received his 
secondary cducation at the local theological seminary. During his studies 
in Ryazan he read Pisarev, Chernyshevsky and Dobrolyubov. In 1870. he 
entered Petersburg University, graduating from the department of natural 
science in 1876, and later finishing the Military Mcdical Academy. In his 
student days, under the guidance of Cyon, he carried out his first research 
into the problem of innervating the pancreas. Beginning with 1878 he 
headed the research laboratory at the clinic of the eminent therapeutist 
S. Botkin in the Military Medical Academy. It was Botkin who, according 
to Pavlov’s statement in the concluding part of his thesis. encouraged him 
to continue studying the influence of the nervous system on all physiologi- 
cal processes. Until 1890, Pavlov worked on problems of the physiology 
of blood circulation and, at the same time, started his investigations of 
the processes of digestion. From 1890 he headed the physiological depart- 
ment al the Institute of Experimental Medicine and the Chair of Pharmaco- 
logy at the Military Medical Academy, where, in 1895, he was nominated 
professor of physiology. In 1907, after the death of Ovsyannikov, Pavlov 
was elected to the Academy of Sciences and became the head of its physi- 
ological laboratory (which in the Soviet period became an important 
physiological institute of the Academy of Sciences of the U.S.S.R.. and 
now bears his name). During the last ten years of his life. Pavlov gave 
much of his attention to the biological station which, by decision of the 
Soviet Government, was orpanized for him in the village of Koltushi (now 
Pavlovo) near Leningrad. His numerous pupils worked under his guidance 
in various physiological laboratories, and the school he founded is not only 
the most advanced but also the largest. 

In 1904, the highest international reward of that time—the Nobel 
prizec—was conferred on Pavlov. Already at the end of the 19th century, 
after his Lectures on the Work of the Principal Digestive Glands had been 
published (1897), he became one of the renowned physiologists in the world; 
he was elected an honorary member of many academies, universities and 
medical] societies. 

At the turn of the century, having claborated anew the physiology of 
digestion as a consistent theory of the development of digestive processes 
in the organism of a normal animal, Pavlov started his still more com- 
plicated research in the highly responsible sphere of natural science where 
no one had ever before dared to experiment. Proceeding from Sechenov’'s 
ideas, Pavlov created a real physiology of the brain. 

In 1935. i.e., a year before his death, the International Physiological 
Congress held in Leningrad and Moscow under the chairmanship of Pavlov, 
conferred on him the title of princeps physiologorum mundi. 


General Characteristics of the Physiology of the Pre-Pavlovian Period 


The physiology of the pre-Pavlovian period was almost exclusively an 
analytical science, i.e., it studied only particular processes artificially 
isolated from the integral activity of the entire organism. The physiologists 
of the 19th century accumulated a multitude of facts relating to the func- 
tioning of separate organs, but were unable to show the interdependence 
of the various functions of the organism as a whole in normal conditions 
of its existence. This is indissolubly connected with the essence of the 
purely analytical method of knowledge and proceeds from ihe metaphysi- 
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cal concept of nature. The analytical iethod applied by the physiologists 
of the 19th century, who studied separate phenomena, in isolation from the 
integral whole, divorced the particular from the general, the simple from 
the complex. The clements thus isolated in the course of the analysis were 
regarded as constant, independent and participating in the integral pheno- 
mena as separate entities. The picture of an integral process or the prop- 
erties of an integral structure were said to be the result of various com- 
binations of “elementary” units which the researchers had been able to 
disclose by decomposing complex phenomena (for example, the properties 
of cells, individual reHexes, individual nervous impulses). From this point. 
of view, the organism was regarded as a “cellular state” (R. Virchow), as 
a sum of cells whose properties were considered separately from the 
process of development and from the interaction of the organism with 
surrounding nature. as something pre-established, given beforchand. 
Pathological processes in the organism were regarded as a sum of the 
disturbances in the vital activity of individual cells. The reactions of the 
organism to the influences of the external environment were, in the main, 
considered as predetermined by the properties of corresponding organs and 
groups of cells (for example, the group of cells constituting each reflex 
are) and not as claborated in the course of the interaction between the 
organism and its environment. 

As a result. of the metaphysical approach to natural phenomena, physi- 
ologists often studied the functions of separate organs and cells without 
regard for their connection with the vital activity of the whole organism 
developing in definite conditions of the environment. Following Virchow, 
physiology prior to Pavlov supposed that. the accumulated facts concerning 
the activity of various, individually investigated, organs and cells were 
sufficient to form a correct notion of the normal functions of the organism 
as a whole, and confined itself mainly to the method of acute experimenta- 
tion and to the study of isolated organs, i.e., to methods which fully ex- 
clude any investigation of the normal influence of the nervous system on 
all physiological processes in the natural conditions of existence. Although 
a nuinber of investigations (such as the study of total metabolism, heart 
rate. temperature of the body, etc.) had been carried out prior to Pavlov 
on integral, intact organisms, they were based not on new principles, but 
only on modified methods of research. and the appeal of certain researchers 
(for example, of Claude Bernard) to study the functions of the organism 
in its normal development found no-embodiment. in experimentation. The 
analytical physiology of the 19th cenlury studied only those forms of the 
nervous activity which were inborn reflexes and which were regarded as 
invariable, permanent “units” of the activity of the nervous system, as 
processes which were studied almost separately from the activity of the 
higher nervous centres. The morc or less constant influences exerted by 
the nervous system on the functions of various organs, which were 
revealed in the course of acute experiments (vivisection), were considered 
the only form of nervous activity accessible to natural-scientific investiga- 
tion. Thus, all the higher forms of activity of the central nervous system 
determining the behaviour of the organism in the surrounding medium 
were excluded from the sphere of physiological research. This led to a 
dualistic division of all phenomena in the organism into two fundamentally 
different categories—phenomena of “internal,” “vegetative” life covering 
all functions which by their significance are common to all animals and 
plants (metabolism, nutrition, respiration, etc.), and phenomena inherent 
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only in animals—phenomena of “animal” life which determine the entire 
behaviour of animals. 

However, it would be erroncous to undcrestimate the great importance 
of the facts obtained by analytical physiology. These facts underlie our 
knowledge of the functions performed by the greater part. of the organs of 
the body, and they have provided highly important material for the 
development of medicine; compared with the state of science in the 18th 
century. they signified a considerable advance in the knowledge of the 
vilal activily of the organism. 

In accumulating facts, most physiologists of the 19th century held to 
positions of spontaneous materialism, which in the last century was 
characteristic of the development of natural science in general. But the 
spontancous materialism of the 19th century was limited by its metaphysi- 
cal concept of nature. Ignoring the possibility of the rise of qualitatively 
new forms of activity in living matter in the process of development and 
examining all phenomena without regard for their changes and inter- 
connections, the metaphysical concept. of nature could not explain such 
phenomena as the origin of life. the rise of sensations and of higher forms 
of nervous activity. Therefore, when expounding these problems, the 
naturalists of the last century either advanced primitive and mechanistic 
propositions which actually prevented any genuine study of the most com- 
plex vital phenomena (vulgarizers of materialism of the fifties-seven- 
ties—Voet, Moleschott and others), or arrived at agnosticism, asserting that 
the origin of life, sensations and consciousness are fundamentally unknow- 
able (DuBois-Reymond, Helmholtz, Claude Bernard). Thus, they actually 
paved the way for the spread of vitalism and of undisguised idealistic con- 
cepts in the theory of knowledge. In physiology. this trend was advocated 
with particular persistence by Johannes Miler (in the thirties and fortics 
of the 19th century) and by his followers (Verworn, Hering, Uexküll and 
others). 

Being a strictly analytical science which proceeds from the metaphysical 
concept of nature, the physiology of that time could not approach the 
knowledge of the normal activity of an integral organism and the study 
of the physiological processes determining the activity (behaviour) of the 
organism in the surrounding medium. A radical change in the whole 
attitude towards the study of the activity of animal organisms was 
necessary if new trails were to be blazed in physiology. This radical 
change was accomplished thanks to the scientific exploit of Pavlov, the 
greatest naturalist of our time. 


The Principles of Pavlovian Physiology 


Pavlov’s teaching is a science of the course of vital processes in an 
integral organism during its various natural relations with the surround- 
ing medium. Pavlov himself defined the result of his work as follows: “Yes, 
I am glad thal together with Ivan Mikhailovich (Sechenov), I and my group 
of dear colleagues have won for the mighty realm of physiological research, 
the animal organism, complete and undivided, instead of a vague half. 
And this, indisputably, is our Russian contribution to world science and 
generally to human thought.’’* 


* I. Pavlov, Complete Works, Vol. I, p. 13. 
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These words show that Pavlov’s entire activity was devoted to the 
creation of a new trend in physiology, described by him as synthetic 
physiology, since it considers cach physiological phenomenon as an integral 
whole in diverse conditions of its development. 

In 1901, Pavlov wrote: “Judging by what we already know, synthesis, 
as a new method widely applied to the entire organism, will render great 
help to future physiological research. ... The task of analysis was to study 
in the best way possible a definite isolated part; this was its original pur- 
pose. It was aimed at establishing the relation of this particular part to all 
possible natural phenomena. ... The aim of synthesis is to establish the 
significance of each organ from its true and vital aspect, to ascertain its 
place, as well as its corresponding nature.”* Thus the indissoluble com- 
bination of analysis and synthesis is one of the fundamental principles 
underlying Pavlov's research. 

The normal course of development of physiological phenomena in an 
integral organism cannot be investigated on animals mutilated as a result 
of dissection, which usually takes place in vivisectional experiments. 
Beginning with his very first investigations in the seventies of the last 
century, Pavlov elaborated a new method for the study of blood circulation, 
and especially digestion, in absolutely normal animals, in conditions of 
chronic experiments. He worked out methods of surgical operation which 
made the internal organs of the animal accessible to investigation without 
deranging the normal state of the organism. 

Any phenomenon in an integral organism invariably depends on its 
interconnections with the environment. In the organism of higher animals 
all connections with the surrounding world, as well as the inter- 
connections of all the functions of the organism itself, arc accomplishable 
due to the activity of the nervous system. In the process of evolutionary 
development these connections become more and more complex. An 
increasing role in bringing these connections about is played by the 
anterior parts of the central nervous system, which steadily progress in 
their development; in higher vertebrates this is the cerebral cortex. From 
this it follows that a knowledge of the activity of an integral organism 
may be gained only by studying the uniting and regulating role of the 
central nervous system and by examining each physiological process in 
its dependence on the influence of the nervous system. That is why Pavlov 
strove to disclose the nervous mechanisms of the phenomena he investi- 
pated. Already in 1883, he stressed the significance of nervism by which 
he implied “a physiological trend striving to extend the influence of the 
nervous system to the largest possible number of the organism’s activities.” ** 

When Pavlov started his researches, a number of reflexes were already 
known and were regarded as invariable responses of the organism brought 
about by the transmission of excitation from the receptive mechanisms 
to the working organs through the central nervous system. However, prior 
to Pavlov, reflexes were studied almost exclusively under artificial con- 
ditions—in the course of vivisection. Pavlov studied the reflexes that: 
govern the activity of the cardiovascular and digestive systems under con- 
ditions of natural stimulation of the receptors. He pointed out (in 1894) 
that there are receptors, i.e., peripheral endings of the centripetal nerves in 
all internal organs and that “these endings penetrate all organs and their 


* Ibid., pp. 573-74. 
** Ibid., p. 197. 


tissues. It must be assumed that these endings are extremely diverse and 
specific. like the nerve endings of the sense organs, each adapted to its 
peculiar stimulus of a mechanical, physical or chemical nature.’™ 

Pavlov regarded each phenomenon in the organism as being dependent 
on the reflex activity of the nervous system. But the extension of this 
principle to an interpretation of all aspects of the organism’s normal 
activity made it necessary lo re-create the theory of reflexes, since prior 
to Pavlov, all researchers, except Sechenov, regarded reflexes as per- 
manent, invariable, inborn reactions of the organism effected by the 
activity of the lower parts of the central nervous system. The organism, 
however, can exist in a continuously changing external environment only 
if it responds to such changes with reactions which ensure, according to 
Pavlov. an “cquilibration™ with these constantly changing conditions of 
existence. In higher vertebrates this “equilibration” in its higher form is 
achieved by the activity of the most organized and most reactive part of 
the central nervous system—the cerebral cortex. It is precisely the cerebral 
cortex which primarily determines the behaviour of the organism as 
a whole. 

Therefore, a knowledge of all the phenomena in an intact organism in 
various natural conditions of its existence requires studying all the mani- 
festations of the activity of the central nervous system. including its higher 
parts. The important materialistic proposition on the causal dependence of 
the behaviour of animals and human beings on past and present conditions 
of existence demanded the examination of all forms of nervous activity as 
reflex activity, as causally conditioned by stimuli acting upon the organism. 

This proposition was first formulated by Sechenov. Developing Seche- 
nov's ideas on the determining influence of the external environment on 
the activity of the organism, Pavlov reconstructed the entire theory of 
reflexes. He proved that the notion of reflex can and must be applied to 
an interpretation of all aspects of the activity of the central nervous 
system, including phenomena designated as mental activity. Rejecting the 
idealistic view of the impossibility of making the activity of the brain known, 
Pavlov started studying the most complex physiological processes in the 
higher part of the nervous system—in the cerebral cortex whose activity 
underlies all the acts and states which are said to be mental. In his ex- 
periments, Pavlov demonstrated the specific features of the reflexes which 
are brought about by the activity of the higher part of the brain, i.e., con- 
ditioned reflexes. 

Conditioned reflexes are formed in the course of life by the coupling of 
temporary connections in the cerebral cortex (see p. 34) and ensure the 
highest equilibration of the organism with the constantly changing con- 
ditions of environment. The disclosure by Pavlov of the peculiarities of the 
formation of conditioned reflexes and of their specific features enabled 
science experimentally to investigate the normal activity of the higher 
part of the brain—the cerebral cortex. 

The theory of conditioned reflexes—of the higher nervous activity— 
smashes the reactionary concept of the existence of a so-called spiritual 
activity, essentially unknowable and inaccessible to precise materialistic 
investigation. 

The extension by Pavlov of his natural-scientific materialistic research 
to the higher forms of nervous activity was based on the principle of deter- 


* Ibid., p. 527. 


minism; this principle means that cach phenomenon is originated by a 
definite cause, which under similar conditions must invariably evoke onc 
and the same action. Pavlov wrote: “A truly active mind regards the strict 
natural-scicntific interpretation of life in its absolute entirety only as 
recognition of the operation of the causality law, which is the principal 
condition of all existing things.”* 

The conviction that all phenomena of life “in its absolute entirety” arc 
subject to determination induced Pavlov to extend the notion of reflex, as 
a determined reaction, to the activity of the higher part of the brain. Pav- 
lov's teaching on the higher nervous activity developed and gave science 
its first experimental proof of Sechenov’s idea that ". . . all acts of conscious 
and unconscious life are reflexes by origin." ** 

Considering all the forms of activity of the nervous system as bcing 
strictly determined, Pavlov at the same time taught that all nervous pheno- 
mena are adjusted to a definile material substratum (the principle of struc- 
ture). In particular, this means that every conditioned reflex, whose 
physiological mechanism is a formation of a temporary conncction (p. 42), 
is always determined by the activity of certain structural formations of the 
higher parts of the central nervous system which enter into new functional 
relations. 

By studying physiological processes in their normal course, Pavlov actually 
translated into reality the principles of dialectical materialism that. nature 
should be regarded as an interconnected and integral whole. 

He investigated the formation of new variable relations of the organism 
with the surrounding medium, the development of new nervous connections 
and the inhibition of a number of previously elaborated reflexes, and thereby 
studied the dynamics of the activity of the nervous system in ils continuous 
movement and change. 

Pavlov showed the qualitative peculiarity of the new nervous connections 
formed by the cerebral cortex in the course of life—the conversion of imper- 
ccptible changes into manifest ones. This conversion is particularly pro- 
nounced during the formation of a conditioned reflex, the latter taking 
shape (arising) after a scries of combinations of the indifferent stimulus 
with the agent producing an unconditioned reflex. 

Thus, Pavlov’s rescarch paved the way for understanding the qualitative 
peculiarities of the highest forms of nervous activity. The investigation of 
the higher nervous activity based on further elaboration of the reflex theory 
(Chapter 51) and the discovery by Pavlov of the objective laws of this 
activity are an important landmark in the devclopment of modern advanced 
natural science. 

With abundant experimental data on the two basic nervous processes 
which determine the activity of the central nervous system, namely, excita- 
tion and inhibition at. his disposal, Pavlov examined these contrary processes 
in their unity, at the same time noting their struggle and the conversion of 
each into its opposite. 

All these characteristic features of Pavlovian physiology give us grounds 
for asserting that Pavlov’s teaching is an important natural-scientific 
concretization of a number of principles of dialectical matcrialism. 

Sechenov, Pavlov’s great predecessor, declared that an organism cannot 
exist without a surrounding medium and advanced a consistently material- 


* Ibid., Vol. VI. p. 427. 
** I, Sechenov, Selected Works, Vol. 1, 1952, p. 124. 


28 


istic interpretation of the activity of all organisms, including the human 
organism. As distinct from the Virchowian views, the teaching of Sechenov 
and Pavlov holds that the properties of organisms and of their cells took 
shape during evolutionary development, that they underwent and continue 
to undergo modifications in the course of the organism’s interaction with 
the surrounding medium. Pavlov’s theory of conditioned reflexes represents 
the highest stage in the devclopment of the theory of interaction of animal 
organisms with surrounding nature. It disclosed the laws governing the 
formation of new reactions of the organism both to agents acting in the 
external environment and to stimuli arising within itself. 

Establishing the dependence of all activities of the animal organism on 
the influence of surrounding nature. Pavlov's teaching comes close to the 
teaching of Michurin which refutes the views of Weismann and Morgan 
and maintains that the properties of each species form as a result of the 
interaction between the organism and surrounding nature. 

Like the teaching of Michurin, whose motto is not to await favours from 
nature, Pavlov’s teaching is indissolubly bound up with practice. Although 
pre-Pavlovian analytical physiology brought to light a number of very 
important facts without which medicine could not have developed, it 
proved to be quite helpless when it came to using the influence of the 
external environment of the organism. 

Pavlov’s teaching provides a foundation for the development of all 
medical sciences. In 1900, Pavlov wrote, “physiological synthesis concurs 
with medicine and identifies itself with it... 2°" 


CHAPTER 2 


GENERAL CHARACTERISTICS OF PRINCIPAL VITAL 
PHENOMENA 


The Concept of Metabolism 


More than cighty years ago, Frederick Engels defined life as “...the 
mode of existence of protein bodies, the most essential element of which 
consists in continual metabolic interchange with the external world that 
surrounds them....”** Engels also pointed out that “protein is the most 
unstable carbon compound known to us. It decomposes as soon as it loses 
the capacity of carrying out the functions peculiar to it, which we 
call life... .°"*** Therefore, the mode of existence of protein bodies under 
which they perform functions called life implies a specific stale of 
proteins characterized by their extremely high variability. This is the 
property which determines the ability of living proteins to undergo 
continuous changes; when metabolism ceases, the living protein perishes, 
decomposes. 

So far we do not possess sufficient knowledge of the nature of the 
chemical and physicochemical processes constantly developing in living 


a I. Pavlov, Complete Works, Vol. I, p. 575. 
t P, Engels, Dialectics of Nature, 1950, p. 244. 
*** Ibid., p. 243. 
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proteins. These processes probably consist in the formation of combinations 
of protein with electrolytes and various chemical groups, separation of 
these groups from the protein and constant transformation of the protein 
micelles. 

The liberation and consumption of energy in the organism. The dis- 
integration of complex organic compounds into simpler substances which 
takes place in the organism and is accompanied by a liberation of energy 
is called dissimilation. The opposite processes leading to the formation of 
new complex compounds [rom simpler ones are known as assimilation. The 
processes of assimilation are connected with consumption of cnergy, since 
the substances formed in the course of assimilation possess a larger amount 
of chemical energy than those [rom which they have originated. Dissimila- 
tion, on the other hand is, in the main, connected with liberation of energy. 
Life is possible only when there is a constant and indissoluble intercon- 
nection between the phenomena of dissimilation and assimilation. 

In animal organisms, the so-called free energy of chemical reactions is 
utilized in the carrying out of any work (in particular, for the formation 
of compounds containing more energy than the initial ones). Converted 
into work, i.c.. consumed, this energy is released when substances with a 
larger amount of energy disintegrate into compounds with a lesser amount 
of energy. 

Therefore, assimilation requires the presence of simultaneous dissimi- 
lative processes. 

Metabolism which is inherent in protein bodies and represents the mosi 
characteristic vital process is bound up with all the chemical transforma- 
tions in a living system. That is why separate “protein,” “carbohydrate,” 
“lipoid,” or “fat” metabolism never takes place in living systems; all met- 
abolic reactions are connected in a single, integral whole, in which indi- 
vidual links can sometimes replace one another. 

Certain enzymes, which are protein bodies themselves, invariably parti- 
cipate in metabolic processes in organisms. Vital phenomena are insepa- 
rably linked with the activity of a great number of diverse enzymes (this 
question is dealt with in detail in the course of biochemistry). 


The Significance of Oxidative Processes 


The processes of oxidation of complex organic substances (proteins, fats 
and carbohydrates) to inorganic and simple organic compounds (water, 
carbon dioxide, urea) represent the main source of energy in animal tissues. 
The oxidative (aerobic) processes, however, are only the final stage of the 
dissimilative processes. Anaerobic reactions, i.e., reactions which are not 
accompanied by oxygen consumption but lead to the decomposition of 
complex compounds into simpler substances, also take place in all tissues 
(both animal and plant). A typical example is the reaction CyH)20O,g (glu- 
cose) + 2CyH,O; (lactic acid) + 170 small cal. per gr. of the lactic acid 
formed. 

The energy released during exothermal anaerobic reactions is utilized 
in the processes of cellular activity. However, the tissues of animal organ- 
isms cannot exist for a long time at the expense of anaerobic reactions, 
since the amount of energy produced by reactions of anaerobic disintegra- 
tion of some compound is always much smaller than the energy of its 
complete oxidation. This is accounted for by the fact that products result- 
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ing from anaerobic disintegration still possess a considerable amount o1 
potential energy. Thus, for example, the heat of combustion of 1 gr. of 
giucose is equal to 3,770 small calories, and of 1 pr. of lactic acid—to 
3,600 small calories. Consequently, the heat production of the anaerobic 
disintegration of 1 gr. of sugar is equal to 3,770-3,600, i.e., 170 small calo- 
ries, which is 20 times less than the amount of heat liberated during the 
complete oxidation of sugar. Therefore, to cover the requirements of the 
tissues in energy solely at the expense of the energy of the processes of 
anaerobic disintegration, the breakdown of considerable quantities of initial 
substances is necessary. This leads to the accumulation of a large amount 
of products of disintegration (for example, lactic acid, ammonia and other 
substances). As a result, a considerable change in the cellular chemism 
takes place; the products of anaerobic metabolism finally damage, paralyze 
and kill the cells. Therefore, reactions of anaerobic disintegration are of 
importance only as a necessary intermediary link in the chemical dynamics 
of the cells. The possibility of oxidative transformations, i.c., the presence 
of free oxygen in the medium surrounding the cell, is an indispensable 
condition for the existence of an animal organism. The higher the organic 
structure of the tissue, the sooner it perishes in the absence of oxygen. 


Irritability and Excitability. Excitation and Inhibition 


Irritability, stimuli and the threshold of stimulation. Irritability is the 
inherent ability of all living organisms to respond to alterations in the 
environment with diverse changes in their states and activities. The agents 
provoking such changes in the state of living objects are called stimuli, 
and their influences, which produce one change or another in the living 
object, are called stimulations. 

Any physical, chemical or physicochemical alteration in the environ- 
ment may act as a stimulus on any living system; when all such 
alterations reach a definile degree of intensity, they cause changes in the 
living objects which are disclosed by respective methods of investigation 
and sometimes, as in the case of the contraction of the skeletal muscles, 
can be observed easily even without any special apparatus. The minimal 
intensity of the agent, sufficient to pioduce a stimulation, is called 
the threshold of stimulation. The lower the irritability of the living 
object, the greater must be the strength of the agent in order to produce 
a change in its state, and hence the higher the threshold of stimulation: 
conversely, the higher the irritability, the lower is the threshold of 
stimulation. 

The level of the threshold of stirnulation depends. above all, on the prop- 
erties of the stimulated living organism, as well as on the nature cf the 
stimuli acting upon it. 

Every stimulus produces a change in metabolism, which is the most 
common response of a living organism to stimulation. Besides, under the 
action of a stimulus of a definite strength differentiated tissues also re- 
spond with specialized reactions characteristic of the given kind of tissue, 
i.e., of the structural and functional peculiarities acquired by it in the 
course of evolution. For example, a muscle reacts to stimulation with 
changes in metabolism which result in a peculiar response—contraction. 
The stimulation of the glandular tissues likewise produces a specialized 
response—secretion. 
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Excitation and excitability. The peculiar reaction of each tissue, which 
is determined by its morphological and functional differentiation and ex- 
pressed in activities inherent exclusively in the given kind of tissue, is 
called excitation. The ability of a tissue to respond in a spccialized way, 
when as a result of stimulation il reveals its own specific activity, is 
called excitability. In physiology, it is mainly muscular, glandular and 
nervous tissues that are considered excitable. A characteristic feature of 
nervous and muscular tissues is that when excitation arises in one point 
of a muscle or nerve fibre it can be conducted very rapidly to neigh- 
bouring points of the same fibre. In a nerve tissue, the excitation can be 
transmitted at a very high rate (within small [fractions of a second) from 
one nerve unit (neuron, see p. 37) to another. as well as from a nerve 
fibre to the innervated effector apparatus (for example, muscular or glan- 
dular). 

Since the nerve fibres come into contaci. with all tissues, nervous ex- 
citation can bring any tissue ot organ into an active state, or provoke 
changes in their activity. In the nervous system excitation is transmit- 
ted to any of its parts and to the effectors of the organism; it connects 
and unites individual organs and systems of the organism into an integral 
whole. 

It has already been mentioned that diverse agents of the external en- 
vironment can produce excitation and that the strength of various stimuli 
necessary to start such excitation is different for different tissues. Special 
apparatuses with a particularly high excitability with regard to strictly 
definite agents have developed in animals in the course of evolution. For 
example, the sensitive cells of the olfactory apparatus are pui into a state 
of excitation by concentrations of odorous gascous substances, even if they 
are so small that they frequently cannot be determined by modern 
physics and chemistry. ` 

Consequently, there are specially differentiated tissucs in the organism 
which are sensitive to the action of a number of stimuli; these tissues are 
brought to a state of excitation by definite stimuli even of a minimum in- 
tensity. Such a high sensitivity to definite stimuli is the property of spe- 
cial nervous structures—receplors (p. 36). 

Sound vibrations, for example, act upon a special auditory nervous 
upparatus, but do not exert any influence, say, on glandular cells. The 
interrelations of the excitable systems in the organisms are such that often 
stimuli of negligible physical intensity bring about the manifestation of 
a considerable physiological effect. 

The process of inhibition. An increasc in the strength or frequency of 
the acting stimuli intensifies the effect of excitation to a certain limit 
beyond which any further increase in the strength or frequency of the 
stimuli leads to a decline in the effect of excitation or to its complete 
disappearance. The activity peculiar to the given tissue (for example, con- 
traction of the heart muscle, carriage of excitation in a certain tissue) 
weakens or disappears; however, the tissue is not in a state of rest, since 
the suppression of the elfect. of excitation has been called forth by a def- 
inite stimulation. Such an active state of the tissuc, when in response 
to the action of a certain stimulus no external symptoms of excilation 
manifest themselves, or when the already existing excitation declines, 
is called inhibition. In various tissucs inhibition depends both on the func- 
tional state of the tissues and on the nature and intensity of the stimula- 
tion (this subject is dealt wilh in detail in Chapter 61). 
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CHAPTER 3 
REGULATION OF PHYSIOLOGICAL FUNCTIONS 
The Concept of Regulation of Physiological Functions 


An organism can exist only when it responds to envirunmental changes 
with respective adaptive reactions. For example, an organism could not 
exist if it did not react differently to food substances and to noxious 
agents, if oxygen or water deficiency in the surrounding medium did not 
evoke adaptive reactions by it, cte. Only because of its diverse reactions 
to changes in the surrounding medium, as well as within itself, “cach 
animal organism, as part of nature, is a complex and integral system. 
whose internal forces so long as it exists, art equilibrated al every mo- 
ment with the external forces of the surrounding medium.... Thus, life 
as a whole, from the simplest 1o the most complex organisms... is a long 
series of equilibrations with the external environment—equilibrations 
which reach the highest degree of complexity.”* These countless equih- 
brations of the organism are manifested in the organism's diverse reac- 
lions to the influence of agents of the surrounding world. 

Physiological processes ensuring the adaptation of the organism to its 
surrounding medium belong to the phenomena of regulation. These phe- 
nomena are based on the interconnection of all organs in the animal or- 
ganism. Only when there is such interconnection in the organism, are ex- 
ternal and internal agents able to give rise to coordinated reactions in a 
number of its organs (contraction of the muscles.changes in blood circulation 
and respiration, cte.). Chemical interconnection. which is due 1o the trans- 
mission of various chemical substances from one organ to another by the 
fluids of the body (i. ¢., in a humoral way), cannot lead to rapidly chang- 
ing and differentiated reactions that would correspond to the great diver- 
sity of acting agents. Therefore, in animals it is the nervous system 
which devclops and acquires decisive importance in regulating the func- 
tions of the organism; the nervous system is connected with receptors— 
special structures which receive stimulations from the external and in- 
ternal environment. A 

Nervous regulation is such an important key to the understanding of 
all processes in the organism that its study should precede any studies of 
gencral physiology. 


The Process of Nervous Excitation 


The nervous system is composed of a multitude of various nerve cells 
which usually have one long process or axon. and several short processes 
or dendrites. The nerve cell, together with all of its processes is called 
a neuron. The axons of the nerve cells extending from the central nerv- 
ous system (or to the central nervous system from the receptors) are 
nerve fibres which are usually enclosed in myelin sheaths and sheaths of 
Schwann. These fibres come together and form more or less thick trunks 
which are called nerves. A nerve is made up of a great number of diverse 
nerve fibres, each of which represents a process of a definite nerve cell. 


* I. Pavlov, Complete Works, Vol. ILI, Book 1, p. 124. 
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Stimulation gives rise to excitation in the nerve tissue; it is typical 
of this excitation that it spreads very rapidly along the entire neuron and 
acts upon the cells which the axon of the stimulated neuron leads to. Here 
are a few examples. A classical object for the investigation of nervous 
conduction is the so-called nerve-muscle preparation of a frog. i.e., a frog 
muscle cut out of the body together with the nerve. If the nerve is stim- 
ulated in a certain point by the application of a mechanical, thermal or 
electric stimulus, the muscle innervated by the fibres of the stimulated 
nerve will contract. The same can be easily demonstrated on a human 
being: if the nerve trunks situated close to the surface of the body are 
stimulated through the skin by shocks of an induction or consiant current, 
the muscles innervated by these nerves begin to contract. 

Let us take another example—the electrical stimulalion of the vagus 
nerve in a dog or cat (among the fibres of this nerve there are some which 
terminate in the heart, and some which terminate in the stomach and 
intestinal walls). As a result of stimulation, the contractions of the heart. 
slow down or cease; the intestinal wall which is made up of smooth mus- 
eles, intensifies its slow, vermiform movements; the stomach begins to 
secrete gastric juice. 

As excitation spreads along the nerve fibre, the latter comes into a state 
of excitation along all its points, from the point where the stimulus was 
applied. The process of excitation developing in one part of the nerve 
fibre is transmitted to the neighbouring part. 

Any organ may respond to the excitation of the innervating nerve fibres, 
ie., fibres which end in ils tissues, cither with a transition from a state 
of rest fo a state of activity, or with an intensification o! the already 
existing activity and, in some cases, as is exhibited by the heart during 
the stimulation of the vagus nerve, also with a decline in this activity, 
i.e.. with inhibition. However, the common feature is that the activity 
or state of any organ changes if the nerve fibres which innervate it come 
into a state of excitation. Consequently, nervous excilation is a process 
which changes the physiological state of the structures where the excited 
nerve fibres terminate. These are cither the tissues of various organs of 
the body (for example, muscular, epithelial or connective tissue), or other 
nerve cells. In the latter case, excitation arising in one neuron produces 
excitation or some other change in another neuron. According to Pavlov, 
nervous excitation is a stimulatory process. 


Nervous Impulses 


The spreading process of nervous excitation is of an oscillatory, inter- 
mittent character. This has been established by the study of clectrical 
phenomena arising in a nerve during its excitation. When a nerve fibre 
(or a nerve cell) undergoes excitation. its excited region becomes electro- 
negative in relation to the regions which are still at rest; this is due to 
the appearance of an excess of negatively charged ions on the external 
surface of the nerve fibre, in the region which is affected by excitation. 
Therefore, by connecting an oscillograph—a device recording rapid and 
weak electrical oscillations—to two points of the nerve—one of which 
is affected by the process of excitation and the other is at rest—it is 
possible to record the difference of potentials between the excited and 
the resting region of the nerve fibres (Fig. 1). 
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Each region of the nerve becomes negatively charged when it is excited: 
this clectroncgativily grows, reaches ils peak and then disappears within 
several thousandths of a second (in some nerve fibres of mammals this 
happens within a few ten thousandths of a second). Alter that, if the 


stimulation is continucd, 
electronepgativily devel- 
ops anew, and disappears 
again just as rapidly. 
Thus, when a number of 
repeated stimuli, or even 
a continuously acting 
stimulus, is applicd to 
the nerve, consecutive 
oscillations of the elec- 
trical potential are ob- 
served in cach point of 
the nerve fibre. Any in- 
tensification, quickening 
or prolongation of the 
slimulationsdonotelimi- 
nate the intermittence 
of the action currents 
which are led off from 
the nerve and charac- 
terize the process of 
propagation of the oscil- 
lating. wavelike excita- 
tion of the neurons. 
The negative electric 
potential of the excited 
part of the neuron can 
depend only on the phys- 
icochemical changes 
developing intheexcited 
part as rapidly as clec- 
troncgativity. 
Consequently, a num- 
ber of very rapid and 
easily convertible reac- 
tions take place in the 
nerve tissue during ex- 
citation; they condition 
the transitory accumula- 
tion of an excess of neg- 
atively charged ions on 
the surface of the cxcit- 
ed part of the neuron. 
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Big. 1. fHustrating the emergence of action corrents when 
a nerve inpulse spreads over the nerve fibre. 
The zone of the nerve fibre affected by excitation at he 
fiver moment is shaded, The signs and show the 
distribution of positively and negatively charged ions inside 
the fibre and on its external surface, Sections “A” and “BU 
are connected with the oscillograph (the cirele with arrow 
shows direction of the eurrent). 
7. Vxeitation rianniige along nerve fibre fram body of nerve eell has 
hat vel reached AT. Therefore, between OA and OBY there is no 
potential difference, 27. Kxenation bas alleeted zane VAV; section 
SATs eleet ronegative in rehitian to Bs the mirror of the age dlograph 
in deflected, whieh) is tied jn the cosord of Che aetion eurrent as an 
ascending bend (eight side of the figure, JEL Exaltation, sprendinge 
along the nerve, has deft scetion AT but bas foyet reached: section 
tions ix, therefore. again eynakh ant the 
ynirroyv of the oscillograph returns to zero position. E. Bxeitation hos 
reached seetion “YBU whieh is now eleeironcgative in rebiion to seetion 
N~ (The oscillograph, therefore, revords the emervence ola eurrendt 
ronning in the opposite direction te that fised in record Fa 7. Ex- 
citation has left metion ol nerse eonneeted wilh e Jograph, mal 
potentia} differcnce between seetions ON and YBO amin disappears 

















The transitory, rapidly developing (within hundredths. thousanaths 
and ten thousandths of a second) and as rapidly falling excitation, which 
spreads along the neuron and is characterized by a change in the physico- 
chemical properties and electric potential of the part of the neuron excited 
at the given moment, is called a nerve impulse. Each nerve impulse is 
characterized, as it were, by a separate cycle of chemical and physico- 
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chemical changes propagated over the ncuron and determining the rise 
of a potential difference between tke part of the neuron which is in a state 
of excitation at the given moment and those of its parts which are not yet 
excited (or are already emerging from the state of excitation). 

This potential difference is known as the action current, action poten- 
tial. or bio-clecirical current. (these terms are also used to denominate 
the potential difference which arises during the excitation of other tis- 
sues). 

The investigation of action currents is now a very important. method 
of studying the phenomena that develop in the nervous system during 
the conduction of impulses of excilation; it makes possible the direct 
study of changes occurring in the nerve tissue at extremely short intervals —- 
within thousandths of a second. 


The Concept of Receptors 


In normal conditions, excitation arises in the nervous system under 
the action of stimuli upon special nerve structures—receptors. The recep- 
lors are nervous, often nervous-epithelial, structures transforming: the 
energy of external stimuli into a process of excitation which is conducted, 
in the shape of nerve impulses, to the central nervous system along nerve 
fibres extending from the receptors. 

The receptors can come into a stale of excitation if the intensily of the 
stimulus is very low. even when it is so low that, being applied directly to 
the nerve fibres, it docs not excite them. For example, if a 1:10.000 con- 
centration of quinine is directly applied to the sensory nerves, it does not 
produce any excitation. but the same concentration of quinine calls forth 
excitation when it acts on the taste receptors; this excitation produces 
impulses in the nerve fibres extending from the taste receptors, which are 
transmitted to the central nervous system. 

A differentiation of the receptors takes place in the course of evolution: 
definite groups of receptors acquire the ability of transforming the action 
of definite stimuli, even of very insignificant intensity, into nervous exci- 
tation, Thus, receptors are structures which not only receive stimulations, 
but, so to speak, select them: in natural conditions cach type of receptor 
reacts to a strictly definite kind of stimulus. Some receptors are effected 
by mechanical stimulation (mechanoreceptors), some by the action of heat 
ov cold (thermoreceptors) and some by the action of chemical agents 
(chemoreceptors). There are also receptors which are excited by air (sound) 
or electromagnetic (light) waves. The morphological structure of the 
receptors is quite diverse; it varies [rom the free nerve endings to the 
highly complex structures of the eye and ear. 

Receptors fall in two large groups: 

1) Exteroceptors (external receptors) which are stimulated by agents of 
the external environment. They include: 

a) receptors of the skin and of the mucous membranes of the mouth 
cavity, nasal cavity, upper respiratory tracts, cornea (tactile, thermal 
and pain receptors); 

b) receptors receiving the action of special chemical substances, namely, 
taste and olfactory receptors; 

c) auditory receptor; 

d) visual receptor. 


36 


The latter two receptors (as well as the thermal and olfactory receptors) 
can be stimulated by agents which are situated at a distance from the 
organism and are, therefore, called “distant receptors.” 

2) Interoceptors (internal receptors) which are stimulated mainly by 
agents arising within the organism itself. They include: 

a) mechanoreceptors stimulated by movements of the organ (skeletal 
muscles, heart. joints, ete.) in which they are located. as well as by 
changes in pressure within this organ (baroreceptors): 

b) chemoreceptors stimulated by various chemical agents which are 
formed in the organism (for example, carbon dioxide). or come intc 
the organism from the external environment; 

c) thermoreceptors stimulated by temperature Nuctuations. 

The interoceptors also include receptors of pain; they are stimulated by 

those agents which may harm the tissues. 

Interoceptors are also distinguished according to the organs in which 
they are located. There are groups of receptors of various organs, such as 
vascular receptors, located in the walls of the blood vessels, tissue receptors 
(the latter implying chemoreceptors of any tissues stimulated by the 
products of tissue metabolism), receptors of muscles, tendons, joints and 
ligaments, ic., receptors of the motor apparatus; the latter logether with 
the receptors of the labyrinth (Chapter 69) are sometimes called proprio- 
ceptors, which is not a very felicitous term. 

The difference between extcroceplors and inferoceptors is in some cases 
not. pronounced, since the receptors of the internal organs are sometimes 
stimulated by external agents (for example, when pressure is exerted on an 
organ through the skin. when hot or cold liquids get into the stomach, and 
air into the lungs). 


Connection Between the Central Nervous System 
and the Receptors and Effectors 


Nerve cells, whose axons connect the central nervous system with the 
receptors and thus form the so-called afferent nerve fibres, are called 
afferent neurons. Along these alferent or centripetal nerve fibres excitation 
is conducted from the receptors to the central nervous system. 

Afferent nerve fibres are processes of cells located outside the central 
nervous system and concentrated mainly in the spinal ganglia of the 
cranial nerves. The spinal ganglia are situated in the cavity cf the 
spinal canal, and the ganglia of the cranial nerves in the cavity of the 
cranium and in the openings of its bones. 

Within a ganglion, the axon of the afferent neuron, at a distance of 
several microns from the body of the nerve cell which forms it, splits into 
two branches: one branch of the axon of cach sensory neuron extends to 
a certain receptor, the other entering the spinal cord or medulla oblongata 
within the posterior roots of the spinal cord or the cranial nerves. 

Internuncial neurons. In mosi. cases, the afferent fibres entering the 
spinal cord or the medulla oblongata terminate at the cell bodies of the 
neurons whose axons do not extend beyond the central nervous sysiem. 
These central neurons which are not connected directly by their axons 
with the receptors and effectors are called internuncial or intermediary 
neurons. The internuncial neurons are included in the pathway of exci- 
lation between the afferent and clTerent neurons. 
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Each afferent fibre entering the spinal cord or the medulla oblongata has 
many ramifications and is, therefore, in contact not. with one but with a 
series of neurons. Some of these internuncial neurons of the spinal cord 
and medulla oblongata project fibres which enter the cerebellum and the 
structures of the diencephalon (thalamus). From the nerve cells situated 
in these regions of the brain the excitatory process reaches the so-called 
subcortical centres of the strial region and the higher part of the central 
nervous system—the cortex of the cerebral hemispheres. This higher part 
of the nervous system, as we shall sce later, acts on all the nervous struc- 
{ures ol the lower parts of the central nervous system. 

Excitation, coming from all receptors (except the olfactory and visual 
receptors) directly into the spinal cord and medulla oblongata and trans- 
milted to new neurons, can always reach the cerebral cortex, the process 
of excitation invariably passing through a number of neurons. 

The axons of definite cellular groups of the cerebral cortex descend 
to the lower divisions of the central nervous system. They conduct 
excitation in the opposite direclion—from the cerebral cortex and the 
subcortical apparatus, often also through a number of internuncial neu- 
rons, to the terminal efferent neurons of the medulla oblongata and spinal 
cord, from which efferent nerve fibres extend to the working organs. 

Thus, the process of excitation, which arises in the receptors and is 
conducted along the afferent nerve fibres to the spinal cord and medulla 
oblongata. can influence any clements of the central nervous system 
through a larger or smaller quantity of ncurons, and from them act. on the 
efferent neurons. The excitation (or inhibition) of the latter directly deter- 
mines the accomplishment of reflex reactions of the organism to the 
stimulation of receptors, 

The efferent neurons of the spinal cord and medulla oblongata are nerve 
cells whose axons connect. the central nervous system with the various 
organs of the body and conduct to them the excitation which is caused 
in the nervous centres by the stimulation of the receptors. The nerve 
fibres transmitting excitation from the central nervous system to all the 
organs of the body are called efferent, or centrifugal nerve fibres; they 
emerge cither from the spinal cord within its anterior roots, or from the 
medulla oblongata and midbrain within the cranial nerves. The organs 
which react to impulses transmitted to them along efferent nerve fibres are 
called effectors (for example, in winking, the muscles of the cyelids are 
the effectors). 

Motoneurons. Efferent neurons whose axons conducl impulses that 
contract the skeletal muscles are called motoneurons. The cell bodies of 
the greater part. of these neurons are located in the anterior horns of the 
gray matter of the spinal cord, while the axons of these nerve cells emerge 
from the spinal cord within its anterior roots and are not interrupted any- 
where up to the fibres of the skcletal muscles. 

Neurons of the vegetative system. All the efferent neurons besides those 
which transmit impulses that contract the skeletal muscles, i.e., all the 
efferent neurons, except motoneurons, belong to the so-called vegetative 
nervous system. 

The term “vegetative nervous system” was introduced when the innerva- 
tion of motor acls was erroneously set off as acts of “animal life,” against 
the innervation of the internal organs with processes of “vegetative” life 
that allegedly had little to do with the external environment. There are 
no grounds for such a contraposition. The activity of the circulatory, ali- 
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Fig. 2. Mustrating steneture of sympathetie (left) and pauasy nipat hetie (right) 
divisions of vegetative nervous system 
Middle of tigure shows to whieh organs sympathetie bres (red hnes) and parasympathetie fibres (hte 
lines) lead up. Solid lines designate presangtionie fibres, dotted lines show postgangliome fibres. Ganghn 
of sympathedie system ace shown on left side of figure. Ganglionic cells of parasympathetie systern, satuated 
nearer in the thiek of the innervated argans, are shown in middle of tip as solid blue tiner passing 
mio clotted Hines. 
Left: Th Phy thoracic segments ond Ly-ba upper lumbar segments of apina! cord; yes, superior 
erryieal ganglion, yem. inferior cervien! ganghon, yash, stellate sympathetic yanghon; 4 cocliae sym. 
pathetic ganglion and 272 mesenteric sympathetic ganglion; aap splanchnic nerve (with aeontion 
Hbre within it extending to mirenals), 
Right: erho eriw bulbar, and a. aaerat divisions of paresy mpat hete system; cht. chorda tympani, 
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uate eens oy Systems, as well us metabolism, are regulated by 
Ac central nervous system, as is the activity of the skeletal musculature. 
{n both cases, this regulation is determined by influences coming from 
varlous receptors and consequently depends on all conditions of the external 
and internal environment. The excitation of the vegetative nervous system 
never arises in isolation and the efferent. neurons constituting if only trans- 
mit the impulses arising in the central nervous system to the effectors. 
Therefore, the term “vegetative nervous system” (which was erroneously 
also called “autonomous” nervous system) should be understood only 
as a term which signities groups of efferent neurons, whose location is 
characterized by definite peculiarities as compared with the motoneurons 
(Fig. 2). 

The specific morphological feature of the vegelative nervous system 
lies in the fact that its nerve fibres issuing from the spinal cord or brain 
never directly reach the organs they innervate.* They invariably ter- 
minate at the nerve cells lying outside the central nervous system. These 
nerve cells form aggregations which are called ganglia of the vegetative 
system. 

The nerve fibres of the vegetative nervous system which extend from 
the spinal cord, medulla oblongata or midbrain to the ganglia are called 
preganglionic nerve fibres. Excitation transmitted along them stimulates 
the nerve cells lying in the vegetative ganglia. Excitation arising in the 
ganglionic cells is conducted along the axons of these cells, which form 
postganglionic fibres, directly to the tissues of the internal organs. Thus, 
within the vegetative nervous system the excitation, spreading from the 
central nervous system to the effectors. passes through two ncurons: a) one 
neuron whose cell body resides in the spinal cord, medulla oblongata or 
midbrain and whose axon forms a preganglionic fibre extending: to the 
corresponding ganglion; b) the other neuron whose cell body lies in the 
ganglion and whose axon forms a postganglionic fibre which comes into 
contact with the cells of the innervated organ. 

Two parts are distinguished within the vegetative nervous system: the 
sympathetic and the parasympathetic divisions. 

1. The parasympathetic division is composed of: a) neurons whose bodies 
lie in the midbrain, medulla oblongata and sacral segments of the spinal 
cord and form preganglionic parasympathetic nerve fibres issuing from the 
central nervous sysiem within the oculomotor, facial and vagus nerves, as 
well as the pelvic nerve; these fibres terminate at the neurons of the para- 
sympathetic ganglia; b) neurons whose bodies lie in the parasympathetic 
ganglia and form postganglionic nerve fibres: the parasympathelic ganglia 
are always situated either in the very thick of the organs innervated by 
them, or in direct proximity of these organs. 

2. The sympathetic division includes: a) neurons whosc cell bodies lie in 
the lateral horns of the gray matter of all thoracic and upper lumbar seg- 
menis of the spinal cord, and whose axons form nerve fibres issuing from 
the XII thoracic and IIT to IV upper lumbar segments of the spinal cord 
within its anterior roots: these fibres are preganglionic sympathetic fibres 
connected with neurons of the sympathetic ganglia; b) nerve cells of the 
sympathetic ganglia whose axons form postganglionic sympathetic fibres; 


* The sympathetic fibres of the vegetative system. which innervate the medullar 
tissue of the adrenals are the only exception. These fibres terminate directly at the 
cells of the medullar tissuc of the adrenals. 
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the sympathetic ganglia are situated in the form of the so-called sym- 
pathetic chain in front of the vertebrae, and also lie in the abdominal. 
cavity (the celiac and mesenteric ganglia). 


The Concept of Reflex 


The resull of the aclion upon the cenlral nervous system of impulses 
coming into it along afferent fibres from the receptors in each case depends 
on the kind of receptor subjected io stimulation, on the functional state 
of the central nervous system by the time the impulses begin to act on 
il, as well as on the strength and duration of the stimulation. The activity 
of the central nervous system. which is determined by impulses transmitted 
to it from the receptors. always 
influences the state of efferent 
neurons. If certain groups of efl- 
ferent neurons are brought to a 
state of excitation under the in- 
fluence of processes with which 
the central nervous system re- 
acts to impulses coming from the 
receptors, the result is a trans- 
mission of the nerve impulses 
from the efferent nerve fibres 
to the organs of the body inner- 
vated by them. Reacting to im- 
pulses conducted to them along 
the efferent fibres, these organs 
puss from a state of relative rest 
to a stale of activity or change 
their activity. Thus, the final re- 
sponse to the stimulation of a 
receptor is the emergence of 
certain activity. or a change in 
the current activity of the work- 
ing organs. 

All the reactions of the organ- 
ism determined by the response 
of the central nervous system 
to the stimulation of receptors 
Fig. 3. Elementary schome of unconditic vic are caled reflexes. In other 
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words, reflexes signify all the 
processes which develop in the 
organism in response to the stim- 
ulation of receptors, with the 
indispensable participation of the 
central nervous system. Among 
such reflexes arc, for example, 
the following: winking as a re- 
action to the stimulation of the 


receptors of the cornea; contraction of the pupil under the action of light 
on the retina; swallowing as a result of the stimulation of the receptors in 
the soft palate by a lump of food; contraction of the urinary bladder in 
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response 10 the distension of ils walls: abrupt withdrawal of an extremity 
from the source of injurious (nociceptive) stimulation: secretion of saliva 
as a reaction to the stimulation of the taste receptors, ete. The excitation 
which is transmitted by the afferent fibres from the receptors to the nerve 
centres finds in those centres, as it were, a pre-established pathway, along 
which it proceeds to strictly definite efferent neurons and, consequently. 
to strictly definite working organs (to definite groups of muscles, glands, 
etc.). This gave rise to the concept of receptive fields of various reflexes 
and to the concept of the reflex arc. 

The receptive field of a reflex. The receptive licld of a reflex covers 
the receptors of that part of the body whose stimulation invariably evokes 
the given reflex. For example, the stimulation of the web and shank of a 
frog causes a characteristic reflex——the flexion of the leg: this area of the 
froe’s skin is therefore called the receptive field of the flexor reflex. The 
area of the external surface of the thigh and back, whose stimulation 
brings the leg close to the back is called the receptive field of the rubbing 
reflex. The receptors of the cornea form the receptive field of the blinking 
reflex. ete. 

The concept of the reflex are. The reflex are of any reflex is a system 
of nerve structures the presence of which is indispensable for the 
accomplishment of the given reflex. 

The reflex are of any reflex always includes: a) a receptor. b) an alTerent 
neuron transmitting impulses from the receptor to the central nervous 
system, c) a nerve centre with an efferent neuron, and d) an efferent fibre 
extending to certain working organs (Fig. 3). 

Here is an example. The stimulation of the receptors of the cornea 
reflexly makes the eyclids close. The reflex are of this reflex is composed 
of: a) the receptors of the cornea, b) afferent neurons of the trigeminal 
nerve, ¢) neurons of the medulla oblongata along which the excitation is 
transferred from afferent fibres of the trigeminal nerve to the efferen! 
neurons of the facial nerve, and d) efferent fibres of the facial nerve 
extending to the muscles of the eyelids. 

If any link ot the reflex are is damaged, no reflex can be effected. For 
example. if the receptors of the cornea are paralyzed by cocainization, no 
excitation can be originated in them and transmitted to the afferent fibre; 
if the fibres of the trigeminal nerve extending from the receptors of the 
cornea are cut, the excitation originated in these receptors will not be able 
to reach the medulla oblongata; if a part of the medulla oblongata is 
damaged, the excitation coming from the receptors will, upon reaching the 
damaged centre, be unable to influence the elfereni neuron; lastly, if the 
motor fibres extending within the facial nerve to the muscles of the 
eyclids are severed, the excitation transmitted in the medulla oblongata 
Irom the receptors of the cornea to the efferent neurons will not be able 
to reach the muscles. 


The Concept of Conditioned and Unconditioned Reflexes 


Prior to Pavlov, reflexes were considered only as reactions of the 
organism to the stimulation of receptors which, in the list place, always 
equally arise in animals of a definite species in response to the stimulation 
of the receptive field of the given reflex, and, in the second place, can be 
effected even in the absence of the higher parts of the central nervous 
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system. Such reflexes were opposed to the so-called “voluntary move- 
ments” which depend on the activity of the higher parts of the brain. This 
led to the contraposition of the reflex regulation of the functions performed 
by the internal organs to the behaviour of animals in the surrounding 
medium, behaviour which was interpreted as voluntary action. Such a 
viewpoint doomed physiology to the renunciation of any research into the 
higher forms of nervous activity. i.e., into the activity of the cerebral 
cortex; it paved the way for agnosticism, and prevented the creation of 
synthetic physiology which deals with all phenomena in an integral 
organism normally functioning in surrounding nalure. That is why the 
extension of the concept of reflexes, which led to the reconstruction of the 
entire theory of reflex activity, has blazed new trails in physiology. 

Pavlov wrote that “as a system, the animal organism” exists in sur- 
rounding nature thanks only to the continuous equilibration of this 
system with the environment. i.e., thanks to definite reactions of the living 
system to stimuli reaching it from without, which in higher animals 
is effected mainly by means of the nervous system in the shape of 
reflexes. ™* 

As mentioned above, the reflexes which had been known prior to Pavlov 
and designated by him as unconditioned reflexes, can be effected through 
the activity of the lower parts of the central nervous system. As a rule, 
they lead to reactions which are similar in all individuals of the given 
species: this includes winking in response to the stimulation of the cornea, 
coughing when foreign substances enter the larynx, as well as more 
complex reflexcs not infrequently called instincts, for example, the 
alimentary. sexual and defensive reflexes. The nature of the organism's 
response in these reflexes depends on the character of the stimulus pro- 
voking them, i.e.. on the kind of receptors on which it acts, as well as on 
its strength. In these reflexes there is always a constant connection be- 
tween the external agent and the responsive activity of the organism, 
which. according to Pavlov, should be “rightfully called an unconditioned 
reflex.” 

“But the equilibrium atiained by these reflexes,” Pavlov pointed out. 
“is complete only when there is an absolute constancy of the environment. 
Since the latter, being highly varied, is always fluctuating. the uncon- 
ditioned, or constant. connections are not sufficient; they must be supple- 
mented by conditioned reflexes, or temporary connections. For example. 
it is not sufficient. for the animal to take the food placed before it—in this 
case it would often be hungry and die of starvation; the animal must dis- 
cover the food by its various accidental and temporary symptoms, and 
the latter are precisely conditioned (signalling) stimuli exciting the animal's 
movement. toward the food which ends with the introduction of this food 
into the mouth, i.e., in gencral, they evoke a conditioned alimentary reflex. 
The same is true of everything of importance for the well-being of the 
organism and the species, both in the positive and in the negative sense, 
i.c., for everything which the animal must take from the environment. and 
against which it must be on its guard.” ** 

Conditioned reflexes are new reflex acts which are formed during life: 
their formation is due to the establishment of temporary connections in 
the higher part of the central nervous system. 


* 1, Pavlov, Complete Works, Vol. III, Book 2, p. 324. 
+e Ibid. 
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The following concrete examples will help to explain the mechanism 
governing the establishment of temporary connections. Not a single animal 
will exhibit any alimentary reaction (for example. lick its lips or rush to the 
place where it is usually given food) when it hears the sounds of a musical 
chord: nor will it manifest a defensive reaction when it sces an electric 
bulb blink. But the sounds of any chord can be easily converted into a 
stimulus producing an alimentary reaction: for this purpose it is necessary 
repeatedly to accompany it with the presentation of food. A defensive 
reflex to the blinking of a bulb can be as casily obtained if during this 
stimulation the animal is repeatedly subjected to the action of a noxious 
agent. If the sound of a whistle is regularly accompanied by the action of 
a pencil of rays on the eye. the pupil reflex (constriction of the pupil). 
owing to the formation of a conditioned reflex. will emerge at the sound 
af the whistle alone, which will be thus converted into a signal of the 
light stimulus. 

If the action of any agent coincides in time with the action of a stimulus 
(usually of greater strength) which evokes an unconditioned reflex. there 
develops a conditioned reflex. After the formation of a conditioned reflex, 
the agent which has become a signal of the unconditioned stimulus evokes 
the same reflex reaction as observed in the unconditioned reflex. On the 
basis of each unconditioned reflex, it is possible to @laburate countless 
conditioned reflexes, if the agents. previously indifferent with regard to 
the given function, are accompanied by a stimulus evoking a corresponding 
unconditioned reflex. 

Thus. owing to the working out of conditioned reflexes any agent acting 
on the receptors can become a stimulus eroking any activity of the 
organism. This makes possible the almost infinite multiplication and exten- 
sion of connections between the organism and its surrounding medium. In 
the presence of unconditioned reflexes alone (which is the case with higher 
animals after the removal of the cerebral cortex). the animal will react 
neither to food nor to noxious agents even if the latter are at a close 
distance: in the first case, the animal will die from hunger in direct pro- 
ximily of food. in the second, it will constantly be subjected to the action 
of the noxious agents. But the working out of conditioned reflexes ensures 
the organism's reaction to a multitude of agents which are signals of 
unconditioned stimuli. At the same time, unconditioned reflexes, alter the 
working out of conditioned reflexes which are based on them, are usually 
effected not in a “pure” form: in natural conditions, the unconditioned 
stimuli always act in combination with a number of agents which be- 
come their signals. Therefore, normally reflex acts are complex reflex 
acts in which unconditioned and conditioned reflexes are indissolubly 
bound up. 

Conditioned reflexes are constantly worked out not only as a result 
of the stimulation of the cxteroceptors; they are also worked out when 
the interoceptors are stimulated (K. Bykov). The latter are stimulated 
with each change in the activity of the organs where they reside. For. 
example, in the course of muscular activity it is the mechanoreceptors and 
the chemoreceptors of the contracting muscles which are stimulated. When 
blood circulation and respiration are intensified, the interuceptors of the 
heart and of the large blood vessels of the lungs are stimulated simultanc- 
ously. Then impulses from the muscular receptors not only provoke 
definite unconditioned reflexes, but also play the role of signalling stimuli 
for the reflexes from the receptors of the large blood vessels and of the 
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respiratory system. The reflex regulation of respiration and blood circula- 
{ion appears here as a complex reflex act which combines the unconditioned 
reflexes from the receptors of the circulatory and respiratory systems, and 
the conditioned reflexes worked out (in this particular case) to the stimula- 
tion of the muscular interoceptors. 

Thus, conditioned reflexes (and unconditioned reflexes) are included in 
highly diverse reflex acts. This leads to a very close interconnection of all 
the organism’s reactions. 

The conditioned reflexes represent the most perfect and the most 
dynamic form of interaction between the organism and the constantly 
changing conditions of the surrounding medium. They are caused by a 
great variety of agents whose action is reinforced by unconditioned re- 
flexes, and become extinct duc to tne development of a process of inhibi- 
tion, when the stimulus which has evoked the given conditioned reflex 
is no longer accompanied (reinforced) by the unconditioned stimulus. 


The Analysers 


Similar agents of the external environment, someiimes scarcely dis- 
linguishable from each other, such as various sounds, often serve as signals 
of the action of factors, which sharply differ in their biological signi- 
ficance. Some sounds, for instance, are produced by a beast of prey which 
may kill the given animal, others are food signals, etc. The animal can. 
therefore, cxist only if it is provided with special mechanisms which 
ensure different reactions of the animal to different, often very similar. 
agents, or combinations of agents of the external (as well as internal) envi- 
ronment. These different reactions to different agents are possible thanks 
to that aspect of the activity of the higher nervous system which Pavlov 
called analysing activity (described in greater detail in Chapter 62) and 
which reaches the highest degree of development in the cerebral cortex. 
As a result of analysis, the great. variety of stimuli acting upon the organism. 
as it were, breaks up into separate clements, and each change in the 
external or internal environment, separated by the analysing activily, may 
prove io be included in a temporary connection with only a definite reac- 
tion of the organism. 

The analysing activity of the higher parts of the brain is based on the 
development of the process of inhibition (p. 34), and leads to definite con- 
ditioned reflexes being evoked by definite agents which are signals of the 
aclion of an unconditioned stimulus; similar agents whose action is not 
accompanied by a stimulation evoking the given unconditioned reflex, 
cause a process of inhibition in the cerebral cortex. 

The analysing activity of the brain is indissolubly connected with ils 
synthesizing activity, owing to which definite changes in the environment, 
separated by analysis, are unified in various complexes entering into a 
temporary connection with onc activity of the organism or another. 

The entire analysing (and synthesizing) activity is bound up with the 
functioning of definite structural formations of the nervous system. Com- 
binations of nervous structures (receptors included) which ensure differen- 
tiated reactions of the organism to various stimuli were called analysers 
by Pavlov. The peripheral part of each analyser (visual, auditory, cutane- 
ous, thermal, olfactory, motor, etc.) is represented by corresponding re- 
ceptors. The particularly high sensitivity of each group of receptors to 
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strictly definite changes perceived by the given kind of receptors, ensures 
by itself the most elementary and primitive analysis. The further stage 
of analysis can be effected by the lower parts of the central nervous 
system; it is owing to their activity that various stimulations of the re- 
ceptors evoke different unconditioned reilexes. Therefore. each analyser. 
in the shape of its conducting part (Pavlov). includes (along with the 
peripheral part) the lower parts of the central nervous system. As to the 
higher analysis which ensures differentiated reactions of the organism tu 
similar stimuli. its accomplishment is due exclusively to the analysing 
activity of the cerebral cortex. This activity is effected by the cortical part 
of the analysers. 

Different analysers always function in combination with each other and 
ensure the elaboration of almost infinitely diverse reactions of the organism 
to various agents of the external and internal environment. 


PART II 
BLOOD AND LYMPH 


CHAPTER 4 
GENERAL CHARACTERISTICS OF THE BLOOD 
Functions and Composition of the Blood 


The blood is a fluid tissue that fills the blood vessels and ensures fluid 
(humoral) intercoummunication of all organs by transporting various sub- 
stances among them. Circulation provides the tissues with an uninterrupted 
supply of oxygen and nutritive materials transporting carbon dioxide and 
other metabolites from the tissues to the excretory organs-—-the lungs. the 
kidneys, the skin and the intestines. This transport role does not exhaust 
the physiological significance of the blood. 

The blood together with the lymph and the interstitial fluid forms the 
internal environment of the body. The existence of the body and the 
normal activity of all its organs require a certain constancy in the com- 
position and physicochemical properties of the blood which is maintained 
by regulatory mechanisms. 

Certain specialized receptor structures and higher divisions of the centra! 
nervous system are particularly sensitive to changes in the composition of 
the blood and are involved in its fine regulation. 

The next important function of the blood is protective. The white blood 
corpuscles take part in destroying the microbes which find their way into 
the body of the animal (phagocytosis). The blood plasma usually contains 
protein substances capable of agylutinating microorganisms, of causing 
their disintegration, as well as substances capable of rendering the toxins. 
ie.. poisons produced by the microorganisms, harmless. 

The activity of various physiological systems is in some measure 
regulated through the blood. A number of physiologically highly active 
substances— hormones—center the blood from the glands of internal seere- 
tion and are circulated by it throughout the body. Since the production of 
hormones and their passage into the blood are under the control of the 
central nervous system, the cerebral cortex in particular, the reactions 
involving the hormones are, in the final analysis, conditioned by rellex 
acts which are responsible for the interaction of the body with the external 
environment. 


The blood, as a special tissuc, appears in animals which have already reached a 
certain stage in their evolutionary development. Some of the lower multicellular 
animals, for example, sponges and Coelenterata, have no blood, and their tissues are 
in direct. contact with the external aqueous environment. which makes a direct meta- 
bolic exchange with the surrounding medium possible. In the echinoderms the gascous 
exchange is also ensured by a flow of seawater through a water-transport system, but 
these animals also have cavilics and vessels filled with an almost motionless Nuid with 
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colourless amoeboid cells. In some worms and molluses the respiratory function is dis- 
charged by haemolymph, a fluid which contains certain dissolved respiratory pigments 
capable of transporting oxygen. Chromuproteins. i.e.. complex proteins containing iron 
(haemoglobin, chlorocruorin and haemervthrin) or copper (hacmocyanin), play the part of 
respiratory pigments. In the blood of the vertebrates the respiratory pigment (hacmo- 
globin) is contained in special cells called erythrocytes or red blood corpuscles. 


In vertebrates the blood is a fluid with suspended corpuscles. Its spe- 
cific gravity varies between 1.050 and 1.060. If we add anticoagulants to 
the blood in order to prevent coagulation and let it settle. or. still better, 
centrifuge it. we can divide it into two layers. The lower layer consists of 
erythrocytes which settle to the bottom because of their high specific grav- 
ity. The erythrocytes are overlaid by a thin film of while blood corpuscles 
and thrombocytes. The upper layer consists of the fuid part of the blood, 
the so-called blood plasma. 

In man the corpuscles constitute 42 to 45 per cent of the total amount 
of the blood; 58 to 55 per cent is plasma. In males the number of the 
corpuscles is, as a rule, greater than in females. 


To determine the volume of erythrocytes a so-called hacmatocrit is made use of. 
Two tubes with a scale of 100 divisions on the wall of each form the essential part 
of the haematocrit. The blood to be tested is aspirated into the tubes. and the tubes 
are clamped into a special frame which is fastened horizontally to the axis of the 
centrifuge. The centrifuge is set in fast rotation (3.000 tu 4.000 revolutions per minute) 
and the centrifugal foree drives the erythrocytes, which are heavier than the plasma, 
fo the distal end of the tubo. The volume of the ervthrocytes is read off on the seale 
or the tube 10 to t5 minutes aller centrifuging. 


Quantity of Blood in the Body 


Methods used in estimating the quantity of the blood. The methods now 
used in estimating the quantity of the blood consist in injecting into the blood 
a very definite amount of some substance which slowly leaves the blood 
stream. By dclermining the concentration of the injected substance in the 
blood after it has been equally distributed throughout the latter it is casy 
to measure the quantity of the blood. If the injected substance, for example 
a dye. spreads only through the blood plasma the quantify of blood plasma 
in the body is estimated directly by this method. Since we know the 
proportion of the plasma and the blood corpuscles we can easily estimate 
the amount. of blood. 


In practice, in order to estimate the quantity of the blood, some colloid dye (for 
example, Congo red) indifferent to the body is most frequently injected into the blood. 
The big size of the dye particles prevents it fram leaving the blood stream and from 
penetrating into the erythrocytes, and the dye, therefore, spreads only through the 
plasma. Five to ten minutes after the dye has equally spread throughout the blond 
plasma a certain amount of the blood is taken and the volume of plasma in it is 
determined; the amount of dye is estimated in the latter colorimetrically. Since the 
total amount of the injected dye is known it is easy to caleuvlate the volume of the 
total plasma and the total blood circulating in the blood stream. The use of glucose 
lor the same purpose yields less accurate resulls because glucose rapidly passes from 
the blood into the tissues. The quantity of the blood can also be estimated by the amount 
of carbon monoxide combining with haemoglobin. The most reliable methods for 
estimating the total quantity of blood are those based on the injection of artificial 
radioactive isotopes into the blood, for example, artificial radioactive phosphorus. A 
certain amount of blood is taken frum the vein of the subject under examination and 
some phosphate containing radioactive phosphorus is added to this blood. Some time 
later, when the radioactive phosphorus has penetrated into the erythrocytes, the 
latter are separated from the plasma by centrifuging and reinjected into the bloud 
stream. Of course, the rules of surgical asepsis are strictly observed all through these 
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operations. In the blood stream the erythrocytes containing the radioactive phos- 
phorus mix with the whole blood. The exchange of phosphorus between the erythro- 
eytes and the surrounding plasma takes place slowly, and for this reason the entire 
radioactive phosphorus, which has penetrated into the erythrocytes, remains during the 
first minutes in them and. consequently, in the blood. By taking a sample of the 
blood several minutes later and by determining its radioactivity it is casy to 
caleulale its total quantity. 


The quantity of blood in man constitutes about 7 per cent of the body 
weight (with possible variations between 5 and 9 per cent). The injection 
of a fluid into the blood increases its total volume for a short time. Losses 
of fluid, especially considerable haemorrhages, reduce the total quantity 
of the blood. However, the changes in the total volume of blood are, as 
a rule, insignificant and very short-lived because of the processes which 
regulate the volume of the fluid in the blood stream. 

When the amount of fluid in the vascular system increases the fluid 
passes from the blood into the tissues (especially into the cutaneous and 
muscular tissues) and is also excreted by the kidneys. Contrariwise, when 
the volume of the blood in the vascular system dec: eases fluid passes from 
the tissues into the blood. Owing to this the amount of the blood plasma 
in the vascular system is restored much faster after a haemorrhage than 
is the number of erythrocytes. 

A decrease in the volume of the fluid in the vascular system, which leads 
10 a sharp drop in the blood pressure, is much more dangerous than a de- 
crease in the number of erythrocytes and in the concentration of the 
blood proteins. A slow haemorrhage (or one frequently recurring in small 
portions), even if it results in the loss of large amounts of blood, is less 
dangerous than a fast (even smaller) Joss of blood. A gradual decrease 
in the number of erythrocytes to 1/4 of their normal number (i.e., the loss 
of 3/4 of all erythrocytes) does not in itself lead to death, but the loss of 
1/3 to 1 2 of the amount of blood, if it has occurred rapidly (arterial haemor- 
rhage), is fatal. An injection of a considerable amount of blood or plasma 
(or fluids which replace blood if no blood or plasma are on hand) into the 
blood stream after extensive haemorrhages may save the life because the re- 
establishment of the normal blood volume leads to a rise in the blood pressure 
and thus ensures blood supply (to the brain. the heart and the other organs. 


Physicochemical Properties of the Blood 


The viscosity of the blood depends mainly on the number of erythrocytes 
it contains. To estimate the viscosity of the blood the latter is passed 
through a capillary tube. The greater the viscosity the less blood will pass 
through the capillaries per unit of time. The viscosity of water is taken 
as the unit of viscosily. 

In the instrument, which measures viscosity (viscosimeter, Fig. 4) blood and water 
are passed through similar capillaries under the same pressurc. Let us assume that 


while the blood reaches mark 1 the water reaches mark 5. This means that the vis- 
cosity of the blood is 5. In healthy people the viscosity of the blood is between 4 and 5. 


The higher the viscosity of the blood the more erythrocytes the blood 
contains per unit of volume. Therefore, whenever the relative number of 
erythrocytes in the blood increases (for example, as a result of fluid pass- 
ing from the blood stream into the tissues or because of increased new 
production of erythrocytes) the viscosity of the blood also increases. This is ob- 
served in persons who stay for some time in the mountains and in certain ail- 
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ments (polycythaemia. shock after extensive burns. und poisoning with 
cerlain gases) when the viscosity of the blood may reach 8. In anaemia, 
when the number of erythrocytes in the blood decreases, it may drop 
below 4. 

Osmotic blood pressure. Osmotic pressure is usually measured by indi- 
rect methods. The cryoscopic method, when the depression, or the lowering 
of the freezing point of the blood is estimated, is the 
most convenient and widespread. The depression of the 
human blood constitutes 0.56 to 0.58" C. A solution con- 
taining one gram-molccule per litre has a depression 
of 1.869 C (molecular depression). Thus, the total mo- 
lecular concentration in the blood plasma and in the 
erythrocytes equals approximately 0.3 gram-molccule 
per litre. By using Clapeyron's equation [P =: eRT 
where P is osmotic pressure, the 
concentration, R-—the gas constant (0.082 litre-atmos- 
phere) and T is the absolute temperature}, we can 
casily estimate that the osmotic pressure in the blood 
plasma at a body temperature of 37°C constitutes 
0.3 X 0.082 X 310 = 7.6 atmospheres. 

In the lower marine animals (wanoid fish included) 
the value of the osmotic blood pressure is not main- 
tained on a constant level and varies with the concen- 
tration of the salts in the surrounding sea water. 
The osmotic pressure of the blood changes with that 
of the seca water. Animals living near the coast in river 
estuaries, which carry fresh water, can endure 
wide variations in the salinity of the sca water that 
surrounds them because of the high and low tides: 
the concentration of salts may increase or decrease 
by scores of limes. Nevertheless. the animals endure 
the changes occurring in the osmotic pressure of the 
surrounding medium and of their blood with no ill 
afterelfect. 

In higher animals the changes in the osmotic blood 
pressure are negligible even when large quantities 
of water and salts pass into the blood. This is duc to Vie. 4. Viscosimeter 
the fact that in the walls of the blood vessels there 
are special receptors (osmoreceptors) sensitive to deviations from normal 
osmotic pressure. The reflexes arising from the osmoreceptors aid in (he 
passage of water [rom the tissucs into the blood and back from the bleod 
into the tissues, as well as in climinating the water and salts with the urine. 
Owing to the retention of salts in the tissucs isotonicity of the blood may 
be maintained Tor 2 to 3 days even in anuria, i.e., when the kidneys cease 
to excrete urine. The skin plays a particularly important part in regulating 
the content of water and salts. As the content of water in the blood in- 
creases the water passes into the connective tissue of the skin. Contra- 
riwise, as the concentration of salts in the blood rises the water passes 
from the skin into the blood. 

A distinct rise in the osmotic pressure of the blood occurs during very hard mus- 
cular work because of the production of low-molecular substances (laclie acid, 
carbon dioxide, cte.) from glycogen and other materials. A brief rest, however, suf- 
fices to re-establish the initial level of osmotic pressure. 
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The constancy of the osmotic pressure of the blood is especially impor- 
tant because the changes in the osmotic pressure of the tissue fluid in a 
certain measure correspond to the variations in the osmotic pressure of 
the blood. Sharp variations in the osmotic pressure of the tissues of vitally 
important organs (for example, the cerebral tissue) rapidly lead to dis- 
orders of the activity of these organs and even to their ruin. The constancy 
of the osmotic pressure of the blood is also important for the blood cor- 
puscles, the erythrocytes, in particular. The osmotic pressure in the eryth~ 
rocytes is the same as in the blood plasma. The membrane of the eryth- 
rocytes is permeable to water, sugar, urea and some other substances, 
and is impermeable to inorganic salts. Water passes through the cell mem- 
branes which have the properties of semipermeable membranes from a 
solution with a lower osmotic pressure into a solution with a higher osmot- 
ic pressure. The erythrocytes, therefore, swell up in hypotonic solutions 
(which have a lower osmotic pressure than the plasma) and shrink in 
hypertonic solutions (which have a higher osmotic pressure than the 
plasma). In isotonic solutions, i.c., in solutions whose osmotic pressure 
is the same as that of the plasma, the volume of erythrocytes does 
not change. When erythrocytes are placed in solutions with a much lower 
osmotic pressure than in the blood they may swell up to the point of 
bursting. In this case the content of the erythrocytes passes into the sur- 
rounding solution. This phenomenon is known as haemolysis. 

Isotonic solutions must necessarily be used for safeguarding the eryth- 
rocytes when considerable amounts of liquid are injected into the blood 
for therapeuLlic purposes or when the blood is stored. A 0.9 per cent solu- 
tion of sodium chloride is isotonic for man and is called a saline solution. 
If glucose, which is not an electrolyte and which has a much higher molec- 
ular weight (180), is used a 5.5 per cent solution will be isotonic. 


CHAPTER 5 
BLOOD PLASMA 


Plasma Electrolytes 


The total amount of mineral electrolytes in the blood plasma constitutes 
about 0.75 per cent. 

The content of various ions (Table 1) is expressed in milligrams or 
100 ml. of plasma (in mg. per cent) or milliequivalents per litre. If, for 
example, the blood plasma contains 20 mg. per cent potassium, i.e., 20 mg. 
per 100 ml., one litre of plasma will contain 200 mg. of potassium. The 
equivalent weight of potassium is 39 gr.; consequently, one millicquivalent 
corresponds to 39 mg., and the content of 200 mg. of potassium per litre 
of blood plasma may be expressed as 5.1 milliequivalents per litre. 

The following table shows that the total amount of mineral cations excceds 
that of the mineral anions. This indicates that part of the cations is 
connected with the anions of the organic acids. In addition to such or- 
ganic acids as lactic acid, uric acid, etc., proteins also come into play as 
anions. 

If we compare the total amount of cations and anions with that of all 
other constituents of the plasma (necessarily expressing all concentrations 
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Table 1 
Electrolytic Composition of the Blood Plasma 


| Content 


=> aie out a i | Contant 
Cations i in milliequiv- ! Anions Aa = Tin milliequis - 
in mg. “u ! alenis per i in omg. °S | alenta per 
ae ea ORR ELE at) Cita ane res eo dls * sie: jis 
l j = ` 
Na’ i 300.330 130-144 ; cy ' 360-390 100-110 
K? $ wW Fe ICO, -20-24 
Ca io os l 46 POY & EERO,’ ! 
i l for phosphorus 35 Vy 
Mg’ l About 2 : l SO,’ for sulphur 2-3 1-2 
Votal amount 140-155 ; Tolul amount i 125.135 


of the constituents in gram-molecules and in gram-ions) we shall find that 
the summary molecular concentration is determined primarily by the 
clectrolytes. The content. of sugar and of the intermediate products of pro- 
tein metabolism, if we express if in gram-molccules, is not high. Proteins 
have an cnormous molecular weight. and despite their high content in the 
blood plasma by weight the number of gram-molecules is relatively 
small. The osmotic pressure of the blood plasma depends mainly on the 
amount of electrolytes in the blood, particularly on the quantity of sodium 
chloride whose content in the blood is subject to greater absolute varia- 
tions than the content of the other clectrolytes. 

In experiments on isolated surviving organs a liquid containing salts. 
sugar, oxygen, etc., is perfused through their vessels. It has been found 
that in order to safeguard the vital activity of the isolated organs it is nec- 
essary to strive in addition to isotonicity also for iso-ionia between the 
tissue fuid and the perfused liquid, i.c., as much as possible for a similar 
ionic composition of the perfused liquid and the blood plasma. 


The univalent Na’ und K’ cations turn out to be antagonists of the bivalent cation 
of calcium in a number of colloid chemical phenomena. Thus, for example, the uni- 
valent. cations contribute to the swelling up of the colloids, while the Ca” cation 
produces the reverse effect. The influence of univalent and bivalent ions on physio- 
logical processes is even more sharply pronounced. In certain concentrations the ions 
of potassium increase the excitability of the neuromuscular system, while the ions 
of calcium depress it. 


IF tissues arc bathed in a solution whose mineral composition more or 
less appreciably differs from that of the blood plasma the activity of these 
tissues is soon paralyzed and the tissues dic. Several liquids whose com- 
position is very similar to that of the blood plasma have, therefore, been 
proposed for perfusion through isolated organs. The most commonly used 
are the fluids of Ringer, Ringer-Locke and Thyrode. 

In addition to sodium chloride Ringer's fluid contains KCl, CaCl, and 
NaHCO, (Table 2). The presence of bicarbonate imparts to Ringer's fluid 
the character of a buffer solution (see below). Unlike Ringer’s fluid that 
of Ringer-Locke contains glucose (0.1 per cent) and oxygen (the glucose 
serves to nourish the functioning organs). Thyrode’s fluid also contains 
glucose and, additionally, salts of magnesium and of phosphoric acid which 
play an important part in the processes of intermediate metabolism. 
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Table 2 
Salt Composition of Ringer's and Thyrode’s Solutions 
(in per cent) 


i Ringer's solution | Ringer's solution | 


Sall . for poikilotherme - for homoiothernmis j Thyrodo'w solution 
NaCl... 0.6 0.8 0.8 
KCI ....... 0.01 0.042 0.02 
CaCl... 0.01 0.024 0.02 
NaHCO.. 0.o 0.01 0.01 
MeC'l,.....- — : -- O01 
NaPO, .. A : — 0.005 


Concentration of H-ions in the Blood Plasma 


Changes in the concentration of H’ and OH’ ions in the blood plasma 
are of great importance. 


The coneentrations of hydrogen and hydroxy! ions expressed in gram-ions per litre 
ure related to each other by a simple formula, namely, [H] >x [OI] = K, where [H7] 
is the concentration of H-ions, [OH’] is the concentration of OH-ions, and K is the 
constant which at a temperature of 37°C equals 3.1 X 10-4, 

If we know the concentration of hydrogen ions we can easily calculate the con- 
centration of the hydroxyl ions from this formula. Only the concentration of the 
hydrogen ions is. therefore, designated 10 characterize the acid-base balance. In view 
of the fact that the concentration of H` usually equals only a very small fraction of 
u gram-ion per litre it is expressed in the form of a negative power of ten. In addition, 
the hydrogen index (pH), which is a negative logarithm of the cancentration of hydro- 
gen ions. is offen made use of. In a neutral reaction and at 37°C (LO) =- (OIL) - 
se 1.77 x 100 Oss 10-675, Consequently. the pH of a neutral solution at 37°C will 
equal 6.75, while the sum of pH and pOH for the same solution will be 13.50. 


The pH of the blood plasma is about 7.36, i.e.. the concentration of the 
hydrogen ions equals 1077 = 0.000 000 043 vram-ions per litre. The con- 
centration of the OH-ions equals 10-4 = 0.000 000 72 gram-ions per litre, 
ic. it is about 17 times as high. The reaction of the blood is, thus, very 
slightly alkaline. 


Buffer Systems 


Under physiological conditions changes in the concentration of hydro- 
gen ion in the blood are negligible, firstly, because of the presence of 
buffer systems in the blood and, secondly, because of the continuous phys- 
iological regulation of the acid-base balance elIccted by alterations in 
the composition of the buffer systems. 

The buffer systems consist of a mixture of weak acids with the salts 
of these acids and of strong bases. The carbonate buffer system composed 
of carbonic acid and the bicarbonates of sodium and potassium is a typical 
example of a buffer system in the blood plasma. 

Dissociation of carbonic acid as a weak acid is governed by the mass law: 


H.CO, «+ HT + HCO,’ 
[H] x [HCO,’] ae K x fH.CO,;] 
and, hence, [H] = K X -7x a 


Since the concentration of HCO; is directly proportional to the concen- 
tration of the dissolved carbon dioxide (CO.) the last equation can be 
expressed as follows: 
q y: [COs] 
IH] = K aeon 

When both carbonic acid and bicarbonates are present the amount of 
anions formed during dissociation of carbonic acid is negligible compared 
with the amount of anions formed from the bicarbonates which dissociate 
almost completely. We may, therefore, without appreciable error consider 
the concentration of the HCO,’ ions equal to the concentration of the 
bicarbonates and replace the (HCO,’) in the equation by (BHCO,’) where 
B stands for sodium and potassium. In this case we get an equation con- 
necting the concentration of hydrogen ions with the formula of carbon 
dioxide and bicarbonate concentration: 


, we (CO-4 
IH] = K' ieies 

The K’ constant equals 10—*!. Thus, with a 107°% hydrogen ion con- 
centration in the blood plasma the amount of free carbonic acid in the 
form of carbon dioxide is approximately 1/20 of the amount of bicarbon- 
ates. 

In addition to the carbonate bulfer system the blood plasma also has 
a phosphate system (NaH.PO.,, which yields the HPO,’ ion, and the 
Na HPO, which yields the HPO,” ion) and a protein buffer system. Hac- 
moglobin, of which the blood contains a great deal, is the strongest buffer 
system in the blood (p. 64). 

The carbonate buffer system possesses special properties because. on 
the one hand, the carbon dioxide can be quickly eliminated from the blood 
and, on the other hand, can be retained in the blood when the ventilation 
of the lungs is altered. 


If some acid, for example, lactic acid from the working muscles, enters the blood 
it is neutralized by the bicarbonates and the amount of free carbon dioxide inereases. 


CIL X CHOH xX COOH - HCO,’ -H CH»CHOHCOO’' -f HCO; . 


Carbonic acid is an unstable compound and the greater part of it breaks up into 
CO. and H.O. 

Nevertheless, when the amount. of free carbonic acid increases and the quantity 
of bicarbanates decreases the concentration of hydrogen ions in the blood rises. This 
is accompanied by an increased excilation of the respiratory centre. Owing to the in- 
creased ventilation of the lungs the carbon dioxide is climinated from the blood into 
the expired air. Under these circumstances its content in the blood may fall not only 
to the original value, but even much lower so that the ratio (CO:): (HCO:) becomes 
the same as it was before lactic acid entered the blood despite the decrease ia the 
amount of bicarbonates. 


Thus, the physicochemical peculiarities of the carbonate buffer ensure 
the possibility for physiological regulation of the blood reaction by in- 
volving the respiratory apparatus (sec Chapter 22). The above-cited for- 
mula (H’)= K. Xx (H»CO,):(HCO;’) shows that the same reaction of the 
blood may be attained with different amounts of bicarbonate. The latter 
plays the part of a base reserve which is able to neutralize the acids en- 


tering the blood. 


The carbonate buffer system enters into exchange reactions with the 
other buffer systems. The amount of bicarbonates in the plasma, there- 
fore, depends on the amount of free carbonic acid and on the content of 
the other buffer systems. 

The more free H.CO,, the farther the balance in the reversible reaction 
will shift to the right and the more carbonates there will be: 


H.CO; -+ HPO,” > HCO,’ + H2PO,’. 


The coefficient of carbon dioxide absorption for the blood plasma at 
38°C is 0.510. This means that at a carbon dioxide pressure of 760 mm. Hg 
one ml. of plasma will dissolve 0.510 cm.’ of carbon dioxide. According 
to Henry’s law the amount of dissolved carbon dioxide is proportional to 
its partial pressure. 

The content of bicarbonates in the blood and in the plasma is expressed 
in cubic centimetres of carbon dioxide which can be liberated from the 
bicarbonates by an addition of acid. Since the amount of the bicarbonates 
in the plasma depends on the amount of free carbonic acid (see above) 
the former is estimated under conditions of equilibrium with a gas mixture 
in which the partial pressure of carbon dioxide is 40 mm. Hg. 

Since the bicarbonates are able to neutralize acids they are regarded as 
an alkaline reserve. The amount of bicarbonates per 100ml. of blood 
plasma which is in a state of equilibrium with a gas mixture in which 
the partial pressure of carbon dioxide is 40mm. Hg is referred to as the 
alkaline reserve or reserve alkalinity of the blood. In addition, the amount 
cf bicarbonates is expressed in cubic centimetres of CO, (at 0°C and 
760 mm. Hg) per 100 ml. of plasma. 

Under certain conditions, particularly during hard muscular work, when 
large quantities of lactic acid are liberated into the blood, as well as in 
some diseases, in which big amounts of organic acids enter the blood 
(for example, in diabetes mellitus), the regulatory mechanisms which 
maintain the constancy of the H-ion concentration prove inadequate and 
the reaction of the blood shifts towards acidity. This condition is known 
as acidosis. During hard muscular work the shift in the reaction may ex- 
press itself in a 0.1 to 0.2 pH decrease. A pH shift of more than 0.3 to 
0.4 endangers life. When negligible amounts of acids enter the blood the 
changes in the composition of the latter may be confined only to a decrease 
in the alkaline reserve without reducing the pH of the blood. In these cases 
we speak of a compensated acidosis. 

During increased elimination of carbon dioxide, for example, during 
hyperventilation of the lungs, there is a change in the reaction of the blood 
plasma towards alkalinity. This condition is referred to as alkalosis. 


Blood Plasma Proteins and Their Physiological Function 


The total amount of proteins in the plasma is 7 to 8 per cent. The pro- 
teins of the plasma may be divided into two fractions differing as to their 
physicochemical properties: serum albumins and serum globulins. 


The scrum albumins are proteins with nearly spherical particles and a molecular 
weight of 68,000. These protcins are water soluble and do not precipitate even when 
all the electrolytes are removed from the solution by dialysis or electrodialysis. When 
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electrolytes are added the albumins are salted out with difficulty. The albumins do 
not precipitate when semisaturated with ammonium sulphate or when fully saturated 
with sodium chloride and magnesium sulphate; the scrum albumins precipitate when 
fully saturated with ammonium sulphate. The human blood plasma contains 4 to 5 
per cent albumins. 

The serum globulins represent a group of proteins with a lower degree of disper- 
siveness and an unequal molecular weight, which is higher than 100,000. The mole- 
cules are more or less oblong. The globulins arc insoluble in absolutely pure water 
and, therefore, precipitate on dialysis. In simple dialysis, however, a negligible quan- 
tity of electrolytes remains which proves sufficient for part of the globulins (the so- 
called pseudoglobulins) to be retained in the solution. In electrodialysis, when it is 
possible fully to remove the electrolytes, the pseudoglobulins also precipitate. The 
globulins are salted out when semisaturated with ammonium sulphate and when 
fully saturated with magnesium sulphate. Sodium chloride in full saturation only 
partly precipitates the globulins. The human blood plasma contains about 2.5 per 
cent globulins. 


Recent investigations have shown that each fraction of serum proteins 
contains a considerable number (more than 30 in both fractions) of various 
proteins differing from cach other in their physicochemical properties and 
physiological functions. 

The total content of proteins in the plasma determines the colloid- 
osmotic or oncotic pressure of the plasma. 

Of the total osmotic pressure of 7.6 atmospheres only 25 to 30 mm. Hg, 
i.e., about 1/30 of an atmosphere, is due to the presence of colloids in the 
plasma. This negligible pressure is due to the fact that there are relatively 
few protein particles, compared with the total number of molecules of the 
substances dissolved in the plasma, in view of the high molecular weight 
of the proteins. Nevertheless, this part of the total osmotic pressure is of 
essential importance for dividing the water between the blood and the 
tissue fluid (Chapter 8). 

Inasmuch as the proteins of the plasma possess both acid and base prop- 
erties they are capable of acting as buffers when acids and bases enter 
the blood. The albumins retain certain lipoids in solution and thus aid in 
their transport by the blood. 

It was recently ascertained that the blood plasma protcins were directly 
involved in the protein metabolism of the whole body. The experiments 
in which amino acids with nitrogen tracer atoms (heavy isotope with an 
atomic weight of 15) were introduced into the body have revealed that the 
composition of the plasma proteins is renewed faster than that of the 
proteins of other tissues. It follows that the proteins of the plasma are 
intensively [ormed and, apparently, as rapidly consumed. It appears that 
the nitrogen balance of the body can be maintained by injections of plasma 
without consumption of food. This method is now used in feeding the sick 
who in certain diseases or because of a certain operation cannot. be fed 
by mouth. 

In addition to certain other factors (p. 68) the proteins of the blood 
plasma play an essential protective part when the body is attacked by 
infection. The immunity of the organism to infectious diseases, especially 
acquired as a result of an ailment or of inoculations, is, in a number of 
cases, due to the formation of protective or immune bodies of a protcin 
nature which enter the blood plasma. Whenever some foreign protein 
(antigen) finds its way into an animal organism parcnterally (avoiding the 
digestive tract) so-called antibodies, also of a protein nature, are formed in 
the organism. They are formed in the reticuloendothelial and lymphoid 
tissues. In some cases these substances render the poisons (toxins), pro- 
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duced by the microorganisms, harmless. These protective substances of 
the plasma or of the serum are calicd antitoxins. In other cases the sub- 
stances formed in the blood serum either agglutinate the microbes (agglu- 
tinins), dissolve them (lysins), or precipitate the proteins foreign to the 
body (precipitins). The work of Soviet immunologists has demonstrated 
the great importance of the central nervous system in the development. of 
immunity, in the production of protective proteins and in their passage 
into the plasma. 


Coagulation of the Blood 


Fibrinogen, one of the globulins of blood plasma, is usually considered 
apart from the given group of proteins because it possesses the remarkable 
property of becoming insoluble under certain conditions and assuming a 
fibrous structure thus changing into fibrin. The blood plasma contains only 
0.3 per cent fibrinogen, but it is precisely its change to fibrin that is respon- 
sible for the coagulation of the blood owing to which the fluid blood turns 
into a dense clot within a few minutes. 

Subsequently the clot gradually shrinks retaining the blood corpuscles 
and squeezing out the blood serum. In its composition the serum differs 
from the plasma only in the absence of fibrinogen. 

Coagulation of the blood which occurs in every extravasation represents 
a complex and in some respects an insufficiently clear [ermentative proccss 
(A. Schmidt). Fibrinogen changes to fibrin under the action of thrombase 
or thrombin. In the circulating blood this enzyme is found in an inactive 
state in the form of prothrombin. To change to thrombin, the active 
enzyme, prothrombin must be acted upon by thrombocinase, an activator. 
in the presence of calcium ions. 

There is no thrombocinase in the fluid part of the blood; it resides in the 
tissues and in the blood corpuscles, namely, in the thrombocytes and in 
the leucocytes. The nature of thrombocinase is not yet sufficiently clear, 
but there are reasons to regard it as a complex of thromboplastic sub- 
stances. The latter, apparently, include certain lipoids and, especially, cer- 
tain lipoproteins, i.e., complex proteins which in addition to the protein 
part also contain lipoid groups. 

To become active prothrombin requires the presence of calcium ions. Thus. 
coagulation of the blood or of the blood plasma requires four constituents: 
fibrinogen, prothrombin, calcium salts and thrombocinase. The blood 
plasma has only three of these constituents. Whatever the injury to the 
vessels with resultant extravasation the adjoining tissues are damaged and 
part of the blood corpuscles is destroyed. The blood is coagulated under 
the action of the thrombocinase liberated from the thrombocytes and the 
ruined cell bodies. 

In addition to the aforesaid factors there is another protein of globulin 
nature which aids in accelerating the coagulation of the blood. Because of 
the absence of this protein the coagulation of the blood is retarded which, 
in its turn, is responsible for the bleeding in haemophilia. 


In certain special cases the coagulated blood becomes liquefied again, as, for 
example, in the corpses of people killed in accidents. This is connected with the 
appearance of a special enzyme in the blood which is responsible for fibrinolysis, i.e.. 
splitting the Nbrin. Such blood is fit for transfusion to the sick. 

This enzyme, apparently, enters the blood from the lungs at the moment of death. 
Pavlov was the first to discover a retarded coagulation of the blood as it flowed 


56 


through the lungs during one of his experiments on a cardiopulmonary preparation. 
The passage of this enzyme from the lungs into the blood in accidents is dependen 
on influences exerted by the central nervous system (V. Iyin). 


Anticoagulants. The foregoing scheme of blood coagulation offers an 
idea for preventing the blood from coagulating. The first method is to 
collect the blood with minimal injury to the tissue and avoiding as much 
as possible any contact of the blood with the injured cells. However, the 
contact of the blood with the walls of a glass beaker is enough to start 
destruction of the leucocytes and thrombocytes, especially the latter. To 
prevent the coagulation of the blood for some time it is necessary to cover 
the walls of the beaker with a layer of liquid paraffin. But even this does 
not. prevent the coagulation of the blood, but only retards it. 

lf shed blood is stirred by glass rods, glass beads, ete., the fibrinogen 
is deposited on the surface of these objects in the form of fibrin and 
the latter can be removed from the blood. After the removal of fibrinogen 
the blood no longer has any protcin capable of producing a dense fibrous 
structure which forms the frame of the clot. Naturally, such defibrinated 
blood cannot coagulate any more. 

Defibrinated blood is frequently used for studying the various properties 
of the blood. After separating the fluid part. from the blood corpuscles 
we no longer have blood plasma. but serum. Defibrinatecd blood should 
not. be transfused into an organism to make up for haemorrhages because 
it may have retained small clots which are likely to block fine blood 
vessels. 

The best way to prevent the blood from coagulating is to remove or bind 
the calcium ions. Calcium can be precipitated by oxalates (2 mg. of NaCO, 
per ml. of blood) and by sodium fluoride or bound by citrates. However. 
the blood containing the least amount of oxalates (oxalated blood) or 
fluorine salts cannot be used for transfusion because these compounds are 
poisonous. On the other hand, blood to which sodium citrate was added to 
preveni. coagulation (citrated blood) is widely used for translusion. At a 
low temperature this blood can be preserved for 20 to 30 days and even 
longer (blood preservation). 

Blood preservation has made it possible to save lives by transfusion after 
haemorrhages. 

A big contribution to the development of the problem of blood transfusion was 
made by Russian scientists (V. Shamov, N. Yelansky et. al). Numerous transfusions 


were made during the Great Patriotic War; they helped to save the lives of many 
wounded combatants. Blood transfusions are also resorted to after serious operations. 


There are substances which prevent the blood from coagulating by acting 
in a certain manner on the fermentative system. These include hirudin, 
extracted from the head of the Jeech, heparin, extracted from the liver 
and lungs of animals, and, finally, a number of synthetic dyes. The lates! 
studies show that heparin is contained in the so-called “mast cells” located 
along the blood vessels. This warrants the assumption that. heparin pos- 
sesses the specific function of antithrombin, i.c., it prevents the blood 
from coagulating in the blood vessels when negligible amounts of throm- 
bocinase are formed from disintegrating thrombocytes. 

Variations in coagulation time. The coagulation of blood is of enormous 
biological importance since it prevents long-continued bleeding when a 
blood vessel is injured. In a special disease, called haemophilia, coagulation 
of the blood is greatly retarded for lack of one of the globulin proteins. 
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Haemophiliacs can easily die from extensive haemorrhages caused by cven 
slight injuries. 

Coagulation of the blood is also retarded in other diseases, for example, 
in vitamine K deficiency and in conditions interfering with the flow of bile 
into the intestines (obstructive jaundice) when vitamine K fails to be 
absorbed (p. 328). In such cases any surgical operation, especially on the 
parenchymatous organs, holds out the danger of profuse bleeding. 

Preparations from coagulated ox plasma or fibrin films are used to stop 
bleeding. These preparations contain ready thrombin while the threads of 
fibrin applied directly to the bleeding surface serve as “embryonic” centres 
around which the blood fibrinogen of the operated person immediately 
begins to coagulate. Owing to this the entire bleeding surface is rapidly 
covered with clots. 


Intermediate Products of Metabolism in the Blood Plasma 


The blood always contains substances needed by the cells for their vital 
activity and the end products of metabolism which must be eliminated 
from the body. 

If we precipitate all the proteins in the blood the filtrate will retain a 
number of nitrogenous substances: amino acids, urea, uric acid, creatinine 
and very small amounts of some other nitrogenous substances. The nitro- 
gen of all these substances is called residual or nonprotein nitrogen. The 
blood of healthy people contains from 20 to 40mg. per cent of it, i.e., 
20 to 40 mg. per 100ml. of blood. Most of these substances are almost 
equally distributed between the blood plasma and the erythrocytes. In 
certain renal diseases the climination of nitrogenous mctabolites from the 
blood, urea in particular, is deranged. The content of residual nitrogen 
increases and azotaemia results. Azotaemia is one of the symptoms of a 
pathological condition in which the products of metabolism normally 
voided with the urine accumulate in the body (uraemia). 

The blood always contains sugar (glucose) and lactic acid as intermediate 
products of carbohydrate metabolism. Carbohydrates are absorbed in the 
intestines in the form of glucose; from the blood glucose passes into 
different organs where it is utilized as energy-producing material or re- 
plenishes the glycogen reserve in the cells. Under normal conditions the 
blood of man and of the higher animals contains 0.07 to 0.1 per cent (70 to 
100 mg. per cent) on an empty stomach. After a meal "ich in carbohydrates, 
especially sugar, the concentration of sugar in the blood increases, and 
alimentary hyperglycaemia is observed. 

Lactic acid is an intermediate product of carbohydrate metabolism. 
During muscular rest the blood contains but little lactic acid, about 10 to 
15 mg. per cent. During hard muscular work the amount of lactic acid in 
the blood may increase severalfold because large quantities of lactic acid 
are liberated into the blood by the muscles. 

The blood plasma contains about 0.5 per cent fats, which is part neutral, 
part phosphatides (lecithin) and part cholesterol and its esters. After con- 
sumption of large quantities of fat, and in certain diseases (for example, 
diabetes), the content of fat in the blood plasma may markedly increase. 
This condition is called lipaemia. 
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CHAPTER 6 
THE BLOOD CORPUSCLES 
Form and Composition of Erythrocytes 


In the lower vertebrates (fish, Amphibia, reptiles and birds) the 
erythrocytes are nucleated oval- or lentil-shaped cells. Under normal con- 
ditions the erythrocytes in man and mammals contain no nuclei and have 
the shape of biconcave disks. The diameter of erythrocytes varies with 
different animals. 


The nucleated erythrocytes of certain caudate Amphibia are notable among the 
erythrocytes of other animals for their large size: for example, in the proteus they 
reach 58 microns in diameter. The erythrocytes of some ruminants are very small: 
in the goat they are 4 microns in diameter and in the deer—3.6 microns. 


The diameter of the human erythrocytes in their natural environment, 
the plasma, is 8 to 8.5 microns; in dry preparations and on slides it is 
somewhat smaller (7.2 to 7.7 microns). The human erythrocytes are 2 i0 
2.5 microns thick. They are very elastic, which enables them to pass through 
capillaries even when the diameter of the latter is smaller than that of the 
erythrocytes. 

The erythrocytes are very rich in solid substances (up to 37 per cent). 
The structure of erythrocytes is based on a protein-lipoid stroma which 
forms a membrane on their surface. In the loops of the stroma there is a 
solution which contains haemoglobin, salts and some nonclectrolytes. 

The membrane of the erythrocytes is impermeable to colloids—proteins 
and lipoids. It is unequally permeable to ions of mineral salts. The ions of 
hydrogen, the hydroxyl ions and the other anions—the anions of chlorine. 
carbonic acid and certain organic acids easily pass through it. The ions of 
potassium, sodium and calcium permeate through the membrane slowly 
(potassium ions) or do not pass through it at all (calcium ions). The cation 
composition of the crythrocytes sharply differs from that of the plasma 
(Table 3). 

Table 3 


Content of Certain Ions in the Human Blood Plasma 
and Erythrocytes 
(in mg. per cent) 


1 Na‘ K: Ca cr 

i = i = : Sabie ahd 
Plasma o.oo 330 | i8 : 10 | 360 
Erythrocytes s.s... | 90 j 380 | i 205 


Haemoglobin is one of the principal anions in the erythrocytes. Owing 
1o this the concentration of the other anions (Cl’, HCO,’, etc.) in- and 
outside the erythrocytes is unequal; their concentration inside the erythro- 
cytes is nearly half that of the surrounding plasma. 

Counting the blood corpuscles. Haemocytometers are used in counting 
the blood corpuscles. 


The Biirker haemocytometer and the Goryaev graduated scale (Fig. 5) are manu- 
factured in the U.S.S.R. A rectangular plate bordered on both sides by grooves and 
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divided across is cut in a thick glass slab. Two more plates 0.1mm. higher are cut 
out on both sides of the first plate. A drop of blood with a special diluting fluid 
added is placed on the central plate and is covered by a cover glass which is closely 
flited to the outer plates. A layer of diluted blood 0.1mm. thick is, thus, enclosed 
between the central plate and the cover glass. The surplus of Muid runs down the 
grooves surrounding the central plate. Two scales of lincs 1/20 mm. apart are en- 
graved on the central plate. Thus, the volume of a layer of fluid corresponding to 
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Fig. 5. Bürker's hacmoeytometer (top and side views) with Goryaev’! 
ruling. Pipette tu dilute blood (bottom). 


one square equals 1/20 X 1/20 X 1/10 = 1/4,000 mm." In addition to these small squares 
Goryaev’s scale has large squares each of which corresponds to 16 small ones. The 
small squares serve to count the erythrocytes, the large ones to count the leucocytes. 

In counting the erythrocytes the blood is diluted 1:200 by a special diluting fluid 
in a 0.9 per cent physiological solution of sodium chloride. 


The blood of healthy males contains 5,000,000 erythrocytes per 1 mm.*, 
that of females—4,500,000. So large a number of erythrocytes offers a very 
extensive total surface through which oxygen and carbon dioxide diffuse. 
In man this surface arca reaches 3,500 m.?, i.e., it exceeds the surface of 
the body nearly 2,000-fold. 

The number of erythrocytes may vary with different physiological states. 
Rapid changes are duc to redistribution of the erythrocytes in the body. 
Some of the organs—the spleen, the liver and the skin—act as blood depots 
retaining the blood corpuscles and giving them back to the blood. The 
retention of the erythrocytes and their passage into the blood stream is 
regulated by the nervous system. A marked increase in the number of 
crythrocytes in the blood is observed during muscular work and under 
the action of a rarefied atmosphcre. 

Another reason for changes in the number of erythrocytes, which makes 
itself felt more slowly, is the change in the rate of their formation or in 
the rate of their disintegration. In the human adult erythrocytes are 
formed in the bone marrow. Not only the number of erythrocytes. but 
also their size, shape and inlernal composition, may change in blood 
diseases and may even give rise to erythrocytes with a nucleus. 


The changes in shape may be sharply pronounced; the erythrocytes sometimes 
assume the shape of a pear, a dumb-bell, a bottle, cte. Irregularly shaped crythro- 
cytes are called poikilocytes. During increased regeneration erythrocytes with more 
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or less markedly pronounced reticularity, so-enlled reticulocytes, appear. Erythrocytes 
with a large diameter ure known as macrocytes, those with a small diameter are 
designated as microcytes. The capacity of erythrocytes for taking different dyes may 
also change (polychromatophylic erythrocytes). Increased activity of the bone mar- 
row gives rise to normoblasts in the blood; these are cells of the same size as the 
erythrocytes but with nuclei. Megaloblasts, large nucleated cells containing more 
hacmoglobin than the normal erythrocytes, make their appearance in grave discuses 
of the bleod-forming organs. 


A decrease in the number of erythrocytes (erythropenia) and a forma- 
tion of erythrocytes of pathological shapes in the blood are observed during 
pathological changes in the blood system (anacmia) and during various 
emaciating diseases. An increase in the number of erythrocytes (polycy- 
thaemia) occurs in diseases of the blood-forming organs and under the 
action of a rarefied atmosphcre. 

Osmotic stability of erythrocytes. When erythrocytes are placed into a 
hypotonic or a hypertonic medium their volume changes. A considerable 
increase in the volume is accompanied by haemolysis, i.c., the content of 
the erythrocyte passes into the surrounding solution because of the burst- 
ing of lhe membrane. In haemolysis the blood becomes transparent and is 
called laky. In certain discases of the blood the stability of erythroevics 
in relation to hypotonic solutions changes, and its determination is. there- 
fore, of clinical interest. 

To determine the osmotic fragility of erythrocytes a drop of blood is 
added to sodium chloride solutions of different concentration (from 0.9 ta 
0.3 per cent). When the liquid has settled, the sodium chloride concentra- 
tion, in which the first traces of haemolysis appear (minimal resistance). 
und the concentration in which complete hacmolysis begins (maxima! 
resistance), are noted. For healthy people the minimal resistance varies 
between 0.42 and 0.48 per cent NaCl. while complete haemolysis occurs 
between 0.3 and 0.32 per cent NaCl. 

In addition to osmotic forces haemolysis may be caused by the action 
of substances which dissolve lipoids (ether, chloroform) or interact with 
them chemically (digitonin, saponin). The venoms of certain snakes possess 
hacemolyzing properties. Finally, the serum of some animals may have the 
ability of haemolyzing the erythrocytes of other animals. For example. 
the serum of hog’s blood haemolyzes the erythrocytes of sheep's bloud. 
In some cases, therefore. transfusion of the blood of one animal to another 
involves a danger for the recipient: the transfused blood is haemolyzed 
and haemolyzed blood is toxic. 


Blood Groups 


During man-to-man blood transfusion the blood may be haemolyzed as 
a result of the action of the specific proteins in the blood of one man on 
the erythrocytes of the other. This action manifests itself in agglutination 
of the erythrocytes, while the agglutinated erythrocytes are hacmolyzed. 

People are divided into four groups according to their agglutination 
reaction. The existence of four groups is due to the presence of two types 
of agglutinogens (A and B) in the erythrocytes and of two types of agglu- 
tinins (aj) in the plasma. The erythrocytes may be agglutinated only if 
A agglutinogen interacts with a agglutinin or if B agglutinogen interacts 
with # agglutinin. In some people the crythrocytes do not agglutinate 
whatever serum be added to them. The erythrocytes of this group 
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apparently have no agglutinogen at all. In Jansky’s classification this group 
is designated as the first group, and in another classification as Group 0. 
At the same time the serum of this group of people agylutinates the erythro- 
cytes of the other three groups which means that it has both agglu- 
tinins (a and p). The fourth group is the antithesis of the first group. The 
serum of the blood of 
the fourth group is in- 
capable of agglutinat- 
ing any erythrocytes, 
i.e. it is completely 
devoid of agglutinins. 
The erythrocytes of 
this group are agglu- 
tinaled by the scrum 
of all groups, save the 
fourth, and, conse- 
quently, have both A 
and B agglutinogens. 
The second group has 
Vig. 6. Blood grouping hy agglutination methods, Agelu- A agglutinogen in its 
tinatod erythrocytes form clusters visible to naked eye. erythrocytes and f ag- 
Lett to right: reaction of blood of first, second, third and fourth groups ioe 5 s 
reatilting from mixing a drop of blood of cach group with a drop of glutinin in its serum. 
serum belonging ta people having second boud group (lower part of The blood of the third 
not aglutinan Keod manal evap Ragkiineed when aun group contains B agglu- 
from third blond group is added (ngydutination above); blood of third tinogen in its erythro- 


group is agglutinated when sorum from seeond blood group is added ayes pe ampshotin} 
(agglutination helow); blood of fourth group is agelutinnted by serum cytes and a agglutinin 
of both seeand and third blood groupa. inilsscrum. Thus, when 


the erythrocytes and 
serum of different people, though belonging to the same group, are mixed 
there can be no agglutination because the inleracting agglulinin and 
agglutinogen cannot mect. Table 4 shows when agglutination takes place 
and when it is impossible. The method for determining the blood groups is 
illustrated in Fig. 6. 

Usually the recipient is transfused much less blood than he has. The 
transfused blood is, therefore, strongly diluted by his own blood, the con- 
centration of the transfused agglutinins proves low and the agglutinins are 
incapable of agglutinaling and haemolyzing the recipient’s erythrocytes. 
Nevertheless, if the transfused erythrocytes have an agglutinogen which 
corresponds to the agglutinin in the recipient’s plasma they arc aggluti- 
nated and hacmolyzed. 





Table 4 
Blood Groups after Jansky 
(agglutination resulting from mixing the serum and erythrocytes of the groups 
indicated in the table is marked by a + and nonagglutination by a —) 





| Erythrocytes and their agglutinogens 
Sorum avd ita agglutinins | ee. 
Int group (0) l 2nd group (A) | 3rd group (8) | 4th group (AB) 





2nd group (f) .....-. i -— 


lst group (af) ....... | — | | +f. a: 
— L- 
3rd group (a)... ..... j = | 4- a ! 


4th group (0) ....... | -= 


Haemolysis liberates toxic products (adenosine triphosphoric acid, in 
particular) which cause grave disorders and may lead to death. Thus, the 
people of the first blood group (plasma af) may be transfused blood of 
only the first group (erythrocytes 0). The people of the second blood 
group (f plasma) may be transfused the blood of the first (erythrocytes 0) 
and of the second (erythrocytes A) groups. In the third blood group (a plasma) 
the donors may belong to the first (the erythrocytes contain no agglutino- 
gen) and the third (the erythrocytes have B agglutinogen) groups. The 
people of the fourth group (the plasma contains no agglutinin) may be 
given the blood of any group. The people of this group may, therefore, 
be called universal recipients. Contrariwisc, the people of the first. blood 
group may be called universal donors because their blood may be 
transfused to any person without risking haemolysis of the trans- 
fused erythrocytes provided the plasma of the transfused blood does not 
contain a large amount of agglutinins and not much blood is trans- 
fused. 

The blood group is retained throughout the individual's life independent 
of age and discase. 


Substantial progress has recently been made in studying the chemical nature 
of the agplutinogens, The composition of agglutinogens includes polysaccharides 
which contain amino sugar and glucuronic acid. It has been found that these poly- 
saccharides reside not only in the erythrocytes; they ure also encountered in other 
cells, as well as in the saliva, in the gastric mucosa, cte. The composition of the 
agelutinoyvens is apparently very diverse and in addition to A and B agglutinozens 
therc are severa) others (M, N. P) which are. however, unimportant in blood 
transfusions. 


The agglutinogen known as the Rhesus factor (Rh factor) is of practical 
interest. The name is borrowed from the marmoset (macacus rhesus). If the 
erythrocytes of the marmoset. are injected into the blood of a rabbit the 
serum of this rabbit acquires the ability to agglutinate these erythrocytes, 
as well as the erythrocytes of the majority (86 per cenl) of people (rhesus- 
positive people). Fourteen per cent of the people (rhesus-negative people) 
lack this factor. Repeated injections of erythrocytes of Rh-positive people 
into the blood of Rh-negative people may, despite the A and B agglutinogen 
compatibility of the blood, haemolyze the injected erythrocytes because 
of a formation of anti-Rh agglutinins. Since this factor is inherited the 
Rh factor assumes particular importance during pregnancy. With a Rh- 
positive father and a Rh-negative mother the foetus may turn out to be 
Rh-positive. Since the erythrocytes of the foetus may penctrate into the 
mother's blood, the latter will develop anti-Rh agglutinin. Penetrating 
into the blood of the foetus through the placenta it will cause destruction 
of erythrocytes and anaemia and may thus destroy the foctus. On the 
other hand, if an Rh-negative woman is transfused the blood of an Rh-posi- 
tive donor during delivery the woman may die because of the destruction 
of the transfused erythrocytes. 

The agglutinins are proteins which form part of the +-fraction of 
globulins. 

In many cases the plasma may be successfully transfused instead of 
the whole blood. During extensive haemorrhages it is first of all necessary 
to replenish the total amount of fluid in order to maintain the blood pres- 
sure. Because of the oncotic pressure they produce, the proteins of the 
plasma are capable of retaining the fluid in the blood stream. 
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The presence of agglutinins in the plasma makes it necessary to transfuse eryth- 
rocyltes compatible with the recipient’s plasma, i.c., from a person of the corre- 
sponding group. The specific properties of the proteins are lost, however, when they 
are denatured. The method of processing serum which lcads to the loss of the 
immuno-bivlogical properties by the proicins is based on protein denaturation. 
liuman beings may be safely transfused such serums even when the latter are taken 
Irom animals. The great value of this method consists in the fact that, unlike whole 
blood, which can be preserved for only a short time, scrum can be kept indefinitely, 
while the sources for obtaining anima] scrum are practically unlimited. 


Erythrocyte Sedimentation Rate 


If substances which prevent coagulation are added to the blood the cor- 
puscles can be separated from the plasma by simple precipitation. The 
determination of the erythrocyte sedimentation rate has acquired diagnostic 
importance in medical practice. The reaction of erythrocyte sedimentation 
is considerably accelerated in pregnancy. tuberculosis and different inflam- 
mations. The difference in the rate of sedimentation is due to the fact that 
the erythrocytes do not agglutinate at the same speed. In the beginning the 
erythrocytes group themselves in rouleax (rolls), then they form small 
lumps. The latter precipitate rapidly. The differences in the rate of agglu- 
tination are due to the differences in the electric charges of the plasma 
proteins, 

The crythrocyle sedimentation rate is usually determined by means of Panchen 
kov’s device which consists of four graduated capillary tubes placed in an upright 
frame. To prevent coagulation the blood is mixed wilh a sodium citrate solution 
and aspirated into the capillary tubes which are placed vertically. After a certain 
Japse of time the column of the plasma above the erythrocytes is measured. In 
healthy people the column measures 4 to 10 mm. per hour, in women this value is, 
as a rule, higher than in men. 


Haemoglobin 


The main mass of the dense substances of the erythrocytes consists of 
haemoglobin, a pigment of the blood. It comprises 32 per cent of the cryth- 
rocytes and 14 10 16 per cent of the whole blood. Haemoglobin is a com- 
plex protein with a molecular weight of about 68,000. The protein part of 
haemoglobin is called globin, the nonprotein or haemin group is known 
us the haem. A compound of four haem molecules with native, i.e., 
unchanged, globin is haemoglobin with the globin making up 96 per 
cent of the total weight of haemoglobin. Haemoglobin easily dissolves 
in water. 

Crystals of oxyhaemoglobin, differing in shape in various animals, can be 
obtained from a water-alcohol solution in the presence of oxygen. 

M. Nentsky and his pupils made an important contribution to the studies 
of the chemical structure of the haemin group of haemoglobin. The haemin 
group includes one atom of bivalent irun oxide and a porphyrin group of 
four pyrrole rings with side chains. An oxidized haem is called haematin. 
The crystals of an oxidized hydrochloric haem are known as Teichmann 
crystals. Because of their characteristic appearance the latier may be used 
in determining the presence of haemoglobin; this fact is used in forensic 
medicine to ascertain the presence of blood. 

A haem may enter into combination with most diverse nitrogenous 
bodies—amines, amino acids, hydrazine, pyrrole, pyridine, nicotine and, 
finally, with proteins. Because of their ability to absorb light in the yellow- 
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green part of the spectrum all these compounds yield strongly coloured 
solutions. These substances are, therefore, commonly termed haenwchro- 
mogens. Their solutions are coloured yellow-brown or red. The haemochro- 
mogens also include haemoglobin which has a characteristic spectrum. 
One molecule of haemoglobin contains four haemin groups. The haemo- 
globin derivatives—its compound with oxygen (oxyhaemoglobin), with 
carbon monoxide (carboryhaemoglobin) and the product of haemoglobin 
oxidation (methaemoglobin)—also have characteristic spectra: these deriv- 
atives can be distinguished from each other by iheir absorption bands (Fig.7). 


Haemochromogen formerly implied the nonprotein part of the haemoglobin whieh 
split off from the latter under the action of weak acid and alkaline solutions. I4 has 
now been established that a mere addition of weak acid and alkaline solutions 
does not suffice to divide the haemoglobin into protein and Nonprotein parts, and 
that what was considered hacmochromogen is a compound of the hacm and de- 
natured protein. 


The chemical structure of the haem is the same whatever the animal 
from whose haemoglobin it is obtained, though the properties of the hac- 
moglobins isolated from the blood of different animals are not exactly 
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Fig. 7. Absorption brntds in spectin of osy haemoglobin and reduced haemoglobin, 


alike. The hacmoglobins of various animals differ from cach other in the 
shape of their crystals, in the position of the absorption bands and, espe- 
cially, in the force with which they combine with oxygen. The haemoglo- 
bin in the blood of an adult animal differs from that in the blood of the 
foetus. The bond of the haemoglobin with oxygen is stronger in the human 
foetus than it is in the human adult. All these differences in the proper- 
ties of haemoglobin are due to the differences in the protein part, i.e., the 
globin. 

A remarkable property of hacmoglobin is its ability to form weak, 
easily dissociating, compounds with certain gases, primarily wiih oxygen. 
The compound of haemoglobin and oxygen is known as oryhaemoglobin, 
One molecule of haemoglobin can unite with 4 molecules of oxygen, i.e., 
with as many molecules as there are particles of haem or atoms of iron 
in the haemoglobin. Meantime, the iron of the haemoglobin remains in a 
bivalent state. The reaction between haemoglobin and oxygen is rever- 
sible. As the oxygen concentration rises the equilibrium shifts towards 
an increase in the amount of oxyhaemoglobin; as the oxygen concentra- 
tion drops the equilibrium shifts towards an increase in the amount. of 
reduced haemoglobin. Since the concentration of oxygen in a solution 
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is directly proportional to the partial pressure (tension) of oxygen the 
oxygen tension is the principal factor influencing the percentage of hae- 
moglobin oxygenation. Besides, this equilibrium is also influenced by the 
temperature and the reaction of the environment (see p. 201). 

As the haemoglobin changes to oxyhacmoglobin its optical propertics 
also change (Fig. 7). Reduced hacmoglobin has a wide absorption band 
in the yellow-green part of the spectrum, nearly halfway between the 
D and E lines, with a maximal absorption at a 555 mse wave. Oxyhaemo- 
globin has two absorption bands divided by a light interval in the same 
part of the spectrum; in one of these bands maximal absorption is ob- 
served near line D (577 my), in the other—closer to line E (541 my). Cor- 
respondingly, the blood turns scarlet when oxygenated and grows darker 
and lilac-tinged when giving off its oxygen. 

In addition to the role of oxygen transporter haemoglobin plays the 
part of a buffer which maintains the constancy of the blood reaction. 
Besides. oxyhaemvuglobin possesses more sharply pronounced acid prop- 
erties than does hacmoglobin. The carbonic acid is, therefore, displaced 
from the bicarbonates when haemoglobin changes to oxyhaemoglobin. 

I. Sechenov discovered the ability of haemoglobin also reversibly to 
combine with carbon dioxide. 

Carboryhaemoglobin, the compound of haemoglobin and carbon mon- 
oxide, very much resembles the compound of haemoglobin and oxy- 
gen. The optical properties of carboxyhaemoglobin differ very little from 
those of oxyhaemoglobin. The reaction between haemoglobin and carbon 
monoxide is also reversible and the saturation of haemoglobin with 
carbon monoxide depends on the partial pressure of the latter. The 
essential difference, however, lies in the fact that carboxyhaemoglo- 
bin is a much stabler compound than oxyhuemoglobin. Carboxyhaemoglo- 
bin dissociates 300 times as slowly as oxyhaemoglobin. Therefore, if air 
containing 20.8 per cent oxygen and 0.07 per cent coal gas is inspired, 
half the haemoglobin of the arterial blood will change to oxyhacmoglobin 
and the other half will change to carboxyhaemoglobin. With a higher 
content of coal gas nearly all the haemoglobin is bound by carbon mon- 
oxide and the blood can no longer transport oxygen, which leads to oxy- 
gen starvation of the tissues. This explains the harmful effect of carbon 
monoxide. 

Reduced haemoglobin, like oxyhaemoplobin and carboxyhaemoglobin, 
contains a haem with bivalent iron (iron oxide). By acting on it with cer- 
tain substances (potassium ferricyanide, nitrites, etc.) il is possible to trans- 
fer the haem iron, which forms part of the haemoglobin, into ferric 
oxide, i.e., the trivalent form. This haemoglobin derivative is known as 
methaemoglobin, Methuemoglobin colours the blood chocolate. The reac- 
tion may be schematically represented as follows: 


HbO, + H.O + K;Fe(CN), -- HbOH + O; +- K;HFe(CN), 


oxyhacmoglobin +- water + methacnoplobin -| oxygen t 
q potassium ferrileyanide + yellow blood salt 


Methaemoglobin cannot reversibly combine with oxygen and, conse- 
quently, cannot serve to transport oxygen. Injection of appreciable 
amounts of methaemoglobin-producers into the blood rapidly destroys 
the organism. However, if the organism does not die during the very 
first hours alter part of the haemoglobin has changed to methaemoglobin 
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the latter is again reduced to haemoglobin. Under these circumstances 
the reduction of haemoglobin involves enzymes (dehydrases) and is effect- 
ed at the expense of simultaneous oxidation of lactic acid and glucose. 


One of the properties of methaemoglobin is its ability to combine with hydro- 
eyanic acid and yield cyanmethacmogtobin. Owing 1w this the animal in which parl 
of the haemoglobin has changed to methaemoglobin offers greater resistance to 
hydrocyanic acid poisoning than a normal animal. ; 


The amount of haemoglobin in the blood is estimated cither by the 
amount of oxygen it binds, or by the amount of iron it contains; it is also 
measured by the intensity of the coloration conditioned either by the 
hacmoglobin itself or by haematin (colorimetric methods), 


To estimate the amount of haemoglobin by the first method the haemoglobin is 
changed to oxyhaemorlobin by shaking the blood in the presence of air. The oxy- 
haemoglobin is then changed {0 methaemoglobin by an addition of potassium ferri- 
evanide: at this time all the exygen loosely combined with the haemoglobin is 
liberated. The amount of liberated oxygen is mensured in Van Slyke's or Bareroft'’s 
apparatus. Ore gram of haemoglobin corresponds to 1.31 ml. of oxygen at C and 
760 mm, pressure. 

The simplest colorimetric method of estimating the haemoglobin content of the 
blood is the Sahli method. 20 mm. of blood is taken by means of a micropipette 
and is diluted with decinormal HCH 10 mark 10 in a small graduated beaker. [Laemo- 
globin breaks up into globin and haem and the latter, in the presence of oxypen, 
changes to hacmatin which colours the solution light brown. The colour of the solu- 
tion is compared with a standard solution kept in sealed beakers of the sume dia- 
meter, The mixture is diluted with distilled water until the colour of the test 
matches that of the standard, The higher the content of haemoglobin in the blood 
the more must the test blood be diluted, The beaker has graduations which shaw 
by the volume of the fluid the haemoglobin content in per cent lo the norm, Accord- 
ine to Sahlits method 100 per cent haemoglobin corresponds tu 17.3 gr. of haemo- 
globin per 100 mi. ol blood. As before stated. in most people the hacmolobin con- 
tent is lower, constituting 80-90 per cent and, estimated according to Sahh's method, 
corresponds tu 14-16 gr. of haemoglobin per 100 ml, of blood. 


Leucocytes and Thrombocytes 


Leucocytes. There are much fewer white blood corpuscles, or so-called 
leucocyles, than erythrocytes. 1 mm." of adult blood contains from 5,000 to 
3.000 white blood corpuscles. 


The leucocytes are counted in hacmocylometers by the same method as the ery- 
throcytes. To count the leucocytes the blood is diluted 1:10. To facilitate the count 
the Muid used to dilute the blood is a 3 per cent acetic acid which hacmolyzes the ery- 
throevtes and leaves the leucocytes intact. 

Leucoeytes ditfer in shape, size, the ratio between the volume of the cytoplasm 
and the nucleus, the ability io stain and the shape af the nucleus. The groun of 
ugranuloeyles includes the large and small lymphocytes and monocytes, 

The second group consists of granulocytes which are, in turn, divided into neu- 
trophil, basophil and eosinophil leucocytes. 


Leucocytes are produced in lymph nodes (lymphocytes and monocytes). 
in the spleen (lymphocytes and monocytes) and in the bone marrow (gra- 
nulocytes). They do not live long—only a few days. A temporary increase 
in their number is known as leucocytosis and is observed after meals 
(digestive leucocytosis), after muscular work and especially in acute in- 
flammations. It has been shown that changes in the number of leucocytes 
involve the central nervous system. By combining formerly indifferent 
stimuli with the action of factors which cause leucocytosis it is possible 
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to develop a conditioned-reflex leucocytic reaction of the body to the for- 
merly indifferent agent. The disease in which a marked and stable in- 
crease in the number of leucocytes occurs is called leukaemia. In some 
diseases, for example in typhoid fever, a decrease in the number of leu- 
cocytes in the blood is observed; this condition is known as leucopenia. 

Not only the total number of leucocytes, but also the correlation among 
their different forms, varies in different diseases. Determination of this 
correlation, known as the differential count, is of great diagnostic impor- 
tance. For example, a neutrophil leucocytosis is a symptom of inflammation. 
Thus, an increase in the number of eosinophils is observed in diseases 
connected with the presence of parasites (echinococci, intestinal worms). 
An increase in the number of lymphocytes is noted in certain forms of 
infectious tonsillitis (lymphocytic tonsillitis). Young and pathological forms 
of leucocytes appear in a number of diseases of the blood and in certain 
malignant tumours. 

Role of leucocytes. The physiological significance of leucocytes is not 
sufficiently clear as yet. Leucocytes are rich in enzymes which are capable 





Fig. S. Phagocytosis of bacteria by leucocytes of the frog 
(after T. Mechnikov}. 


of splitting various substances. One of the main functions of leucocytes is 
to protect the organism from bacteria and foreign bodies which penetrate 
into the blood and the tissues. Leucocytes are also of essential importance 
in reconstruction of the tissues since they ingest (and digest) the particles 
which break off from disintegrating tissues. 

Unlike the erythrocytes, which are passively carried by the blood stream. 
leucocytes are capable of independent movement. In studying capillaries 
in transparent tissues under the microscope we can see individual leuco- 
cytes adhere to the wall of the capillary and after a certain lapse of time 
penetrate into the surrounding tissue at points of junction of endothelial 
cells (migration of leucocytes). If some foreign body finds its way into a 
tissue a large number of leucocytes rush at it from the blood vessels. If 
the foreign body is small the leucocytes devour it (Fig. 8). What follows 
depends on whether the leucocytes are capable of splitting this substance 
with their own enzymes and, thus, of digesting it. In the first case the 
captive substances are subjected to intracellular digestion and disappear. 
This happens not only to particles of fat and protein and to dead cells, but 
also to microorganisms. The doctrine of the important protective role of 
the leucocytes consisting in devouring the microbes was advanced and 
elaborated by I. Mechnikov. The cells which ingest dead and living particles 
he named phagocytes, while the ingestion of these particles by the cells 
he termed phagocytosis. When the microorganisms are easily ingested and 
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subsequently destroyed by the leucocytes the body rapidly rids itself of 
the infection. This promotes immunity to infection. In addition to the 
leucocytes circulating in the blood some fixed cells of the spleen, the liver 
(Kupffer's cells) and the cells of the so-called reticuloendothelial tissue also 
possess phagocytic ability. 

When the granules of a substance (for example, grains of indissoluble 
dyes, coal, ete.) ingested by the leucocytes cannot. be split the leucocytes 
come out to the surface of the mucous membranes with them whence they 
can be removed from the body together with the ingested material and 
desquamated cells. Finally, if the foreign body is too large or produces 
toxins the leucocytes accumulat- 
ed around it disintegrate. Their 
enzymes destroy the surrounding 
tissue and an abscess is formed. 

I. Mechnikov demonstrated 
that in addition to their protec- 
tive function the phagocytes also 
take part in rebuilding the mor- 
phological structure of the tis- 
sues. A dying cell is subjected to 
phagocytosis. For example,as the 
tadpole changes to a frog phag- 
ocytes accumulate in the tail 
where they dissclve and ingest 
cells and muscle fibres. In tissue 
injuries or burns the remains of 
the destroyed cells are ingested 
by leucocytes which rush to the 
site of injury. The movement 
of leucocytes towards destroyed 
cells or foreign bodies is due to 
the fact that the latter liberate 
chemical substances towards 
which the leucocytes move be- 
cause of their positive chemo- 
taris (ability to move towards 
a chemical stimulus). Finally, 
the phenomenon of phagocytosis T. Mechnike 
may play an essential part. in 
the processes of absorplion and transport of certain substances. During 
digestion the mucosa of the alimentary canal abounds in Jeucocytes. 

The thrombocytes, or Bizzozcro platelets, are small easily disintegrating 
disks owing to which their structure is not yet clear. They are formed in 
the bone marrow during disintegration of the giant cells known as the 
megacaryocytes. Thrombocytes are found only in the blood of mammals. 
The blood of birds and of the lower vertebrates does not contain them. 
There are about 400.000 of them in each cubic millimetre of human blood. 
Thrombocytes are rich in thrombokinase. In injuries to the vessels and in 
haemorrhages the easily disintegrating thrombocytes, apparently, form the 
centres around which coagulation of the blond begins. The thrombocytes 
are destroyed in the spleen. In some diseases the number of thrombocytes 
decreases. This condition is usually designated as thrombopenia. Retarded 
blood coagulation is noted in cases of marked thrombopenia. 
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CHAPTER? 
REGULATION OF THE BLOOD SYSTEM 


Regulation of the Blood Composition 


The blood is a fluid tissue which by circulating throughout the body 
brings all the organs into humoral contact with each other. 

Changes in the composition of the blood exert a great influence on the 
metabolism and on the functional state of all the organs of the body. The 
flow of nutritive substances and oxygen to the tissues, as well as the 
removal of the unnecessary or harmful products of metabolism, depend 
in certain measure on the composition of the blood. The acid-base balance 
and the osmotic phenomena, which are accompanied by passage of water from 
the blood stream into the tissues and back, also depend on the composition 
of the blood. The higher the organization of the animal the more sensitive 
are its vital organs (brain, heart, liver, etc.) to deviations of the blood 
Irom its normal composition. This was noted 70 years ago by Claude 
Bernard who made the following statement: “The constancy of the internal 
environment is the basis for the free life of the organism.” This “constancy 
of the internal environment” implies the definite physicochemical prop- 
erties of the blood, lymph and tissuc fluids necessary for the existence of 
the cellular and extracellular structures. The total molecular concentration 
and the value of the osmotic pressure connected with it, the total con- 
centration of electrolytes and the concentration of individual ions, the 
acid-base balance, the content of nutritive materials and products of inter- 
mediate and final metabolism in the blood are all maintained on a definite 
level, deviations from which occur within relatively narrow limits. This 
“constancy” is maintained by mechanisms which have arisen and have 
developed during the phylogenesis and which regulale the composition of 
the blood and moderate its deviations from the normal. The higher the 
organization of the animal the morc perfectly is the “constancy of the 
interna] environment” maintained. 

The definite composition and properties of the blood are maintained by 
the activity of the nervous system which continuously influences the pas- 
sage of nutritive substances into the blood, the climination of the prod- 
ucts of metabolism from the blood into the surrounding medium, the 
exchange of substances between the blood and the tissues, the intensity of 
metabolic processes in the tissues and, finally, the very formation of the 
blood constituents. 

Thus, Claude Bernard's words cannot be interpreted, as they sometimes 
are interpreted by certain foreign scientists, as a thesis of autonomy of the 
internal environment [rom the action of the external environment and 
of an absolute constancy of the properties of the blood. External influences 
may produce more or less sharp changes in the composition and the prop- 
erties of the blood because of the alterations they cause in respiration, 
perspiration, urine production and metabolic processes. But due to the re- 
flex acts which occur in response to these changes and which are ellected 
through the central nervous system the changes in the composition of the 
blood are normally rapidly equalized. 

Changes in the composition and the properties of the blood, the passage 
of nutritive materials into the blood and the transport by the blood of 
these substances, [formed as a result of metabolism in the various organs, 
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exert an essential influence on the functional state of the different physio- 
logical systems. These changes involve the central nervous system and 
the activity of the latter may. thus, considerably influence the functions 
of the different organs not only directly, but also by alterations in the 
composition of the blood which take place under its regulatory influence. 
Of special importance in this is the transport by the blood of certain active 
substances, hormones, which are formed in the glands of internal secretion. 


Metabolism of Erythrocytes, Their Formation and Longevity 


The mature crythrocytes of the lower vertebrates contain a nucleus and 
possess well developed oxidative metabolism. The erythrocytes of mammals 
do not contain a nucleus and hardly consume any oxypen, Their metabo- 
lism manifests itself in glycolysis, i.e., in the splitting of sugar to lactic 
acid involving a number of phosphoric compounds. In addition to the 
numerous enzymes necessary for the intermediate reactions of metabo- 
lism—the reactions of glycolysis—the erythrocytes also contain such 
enzymes as phosphatase, cholinesterase. catalase, ete. The hexosophos- 
phates and the triosophosphates. as well as the adenosine triphosphoric 
acid are continuously renewed during glycolysis. The use of tracer, ie. 
radioactive, phosphorus has made it possible to ascertain that the phos- 
phorus of the lipoids and of the phosphorus-containinge proteins of the 
erythrocytes are slowly renewed (G. Vladimirov and associates). Thus, 
even in the non-nucleated erythrocytes of man and the higher animals 
we can discover the most characteristic manifestations of life—processes 
of metabolism and a renewal of the constituents of cellular structure. 

At the early stages of embryonic development the erythrocytes are 
formed in the embryonic mesenchyme of the allantoic sac. They are formed 
from the internal portions of the folds of the mesenchyme simultaneously 
with the walls of the vessels, the latter being formed from the external 
cells. These vessels make up the network connected with the vessels of 
the chorion and with the heart. The erythrocytes contain a nucleus and are 
very large (erythroblasts, megaloblasts). By the end of the fourth month 
of foetal development the blood no longer forms in this manner. In the 
second and third months the blood is mainly formed in the liver, later 
also involving the spleen. Non-nucleated erythrocytes are formed in these 
organs. In the fifth month blood begins to be formed in the bone mar- 
row. 

In healthy adults the bone marrow is the only place where the erythro- 
cytes are formed and where they mature. The wide capillaries of the bone 
marrow contain considerable numbers of erythroblasts, nucleated cells 
from which nuclear cells containing haemoglobin are formed at first and 
after the nucleus is lost (part of the nucleus is dissolved and the rest is 
ejected) anuclear erythrocytes are formed. If the formation of blood is 
accelerated the complex erythrocyte maturation cycle is slower than the 
rate at which they enter the blood, and the blood strcam reccives immature 
erythrocytes containing a nuclcus—normocytes and normoblasts. The proc- 
esses of blood formation are disturbed when the body is inadequately 
supplied with proteins and certain vitamins—vitamin B2. pyridoxine and 
folic acid (sce Chapter 32). ; 

The average lifetime of individual erythrocytes is estimated by using 
tracer atoms. 


The hacmoglobin inside the erythrocytes is not renewed and is elimi- 
nated from the blood stream together with the erythrocytes. Glycocol is 
used for the synthesis of the pyrrol groups of the porphyrin ring of the 
haem. If gly cocol, enriched by the heavy isotope of nitrogen (N™), is added 
to the food new erythrocytes are formed in the bone marrow with haemo- 
globin traced in the haem by the isotope. By periodically determining the 
content of the heavy isotope of nitrogen in the haem it is possible to 
estimate how long the erythrocytes, formed when the tracer glycocol was 
consumed, have resided in the blood. It has been found with the aid of this 
method that the human erythrocyte lives an average of about 130 days, 
i.e., much longer than formerly believed (from 3 to 4 wecks). Follow- 
ing the destruction of the erythrocytes the haemoglobin is also de- 
stroyed. The haemin group is transformed into bile pigments—bilirubin 
and biliverdin. 

It is possible to preserve the erythrocytes for some time in conserved 
blood. Various media have been proposed for preserving the blood; these 
contain certain salis, sugar (glucose and saccharose). sodium citrate to 

prevent coagulation, and 
certain anlisepticstoinhibit 
| the development of inci- 
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ed into stomach through fistula, according to V. Chernigovalsy distribute and destroy the 

and AL Ynroshevaky (data furnished by Y. Kam. blood. The system of these 

organs was defined by 

G. Lang as the “blood system.” This system includes the bone marrow, the 

lymph nodes, the spleen and the liver. The erythrocytes are formed and 

mature in the bone marrow: the granulocytes and the thrombocytes are 
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also formed in the bone marrow. The lymphocytes are for i 7 
nodes and the malpighian bodies of the ek The pears peed eel 
are destroyed in the reticuloendothelial tissue of the spleen. Destruction of 
erythrocytes accompanied by the formation of bile pigments from the 
haemoglobin also takes place in the liver. The ferritin of the spleen and 
especially, of the liver contains iron reserves used by the body in building 
new particles of haemoglobin. The spleen and the liver take part. in redis- 
tributing the blood corpuscles. 
All of the aforesaid organs have been found to have elfector innervation: 
their function is controlled by the central nervous system. This problem 
has been especially studied by V. Chernigovsky and his associates at the 
Pavlov Physiological Institute. It has been shown that the injection of 
certain chemical stimuli into the vascular system of the spleen which has 
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retained only nervous connections with the body produces powerful circu- 
latory and respiratory reflexes. The presence of chemoreceptors in the liver, 
the bone marrow and the lymph nodes has also been demonstrated. Stimu- 
lation of the mechanoreceptors of the stomach during its distension by a 
balloon inflated in the stomach alters the number of erythrocytes and other 
blood corpuscles (Fig. 9). 

The connection of these organs with the central nervous system, like that 
of all the other organs of the body. is bilateral. It ensures both the transmis- 
sion of the impulses, which arise in the receptors of these organs, along the 
afferent fibres to the centres and the reverse—the action of the impulses. 
which run along the efferent fibres from the centres, on these organs. The 
existence of bilateral nervous connections between the organs of the blood 
system and the central nervous system results, on the one hand, in that 
reflexes to other systems of the body arise in these organs and, on the 
other hand, in that changes in the composition of the blood can be 
produced by stimulation of various receptor fields in the body. Thus. 
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anaemia was produced in animals by action on certain portions of the 
gastric Mucosa and on the carotid sinus with the additional severance of 
the depressors, etc. Observations of a patient with a blood discase con- 
ducted in S. Botkin’s clinic and later in G. Lang’s clinic testify to the fac! 
that maturation of erythrocytes and their passage into the blood are 
dependent on the nervous system. The investigations of K. Bykov’s asso- 
ciates have demonstrated changes in the blood-filling of organs under the 
influence of conditioned reflexes which, as is well known, involve the 
cerebral cortex. It has been found possible to provoke leucocytosis by con- 
ditioned-reflex influences. It has also been shown that an impairment of 
the functions of the cerebral cortex after clashing the positive and inhib- 
itory processes (Chapter 36) leads to a disappearance of the digestive 
leucocytosis for several days (Fig. 10). 

The Pavlov principle of nervism, thus, finds vivid confirmation also in 
relation to the blood system. 


CHAPTER 8 
THE LYMPH 


Tissue Fluid 


Only in certain organs (the liver and the lungs) do the cells directly 
adjoin the walls of the blood capillaries. In addition to the endothelium 
of the capillaries a number of other organs have an intercellular substance 
between the blood and the cells. This substance consists of fibres of con- 
nective tissue (collagenous and clastic fibres), homogenous material of a 
protein nature and intercellular spaces filled with tissue fluid. In addition 
to the intercellular spaces there are also cavities (the pericardial cavity, 
the pleural cavity, the abdominal cavity, the central canal of the spinal 
cord, the cerebral ventricles, the cavities of the joints, etc.) filled with a 
serous fluid. 

The tissue fluid continuously exchanges substances with the blood, The 
main factors capable of causing the passage of fluid from the blood stream 
into the tissues and back are: 1) a difference in osmotic pressure between 
the tissue fluid and the blood and 2) hydrostatic pressure of the blood in 
the capillaries. 

The value of osmotic pressure is determined by the summary molecular 
concentration independent of the size and clectric charge of the particles. 
The ions of electrolytes, the undissociated molecules of crystalloids and the 
colloid particles are osmotically active. The osmotic pressure in the blood 
plasma is approximately 7.6 atmospheres. The tissue fluid has nearly the 
same osmotic pressure. The difference in osmotic pressure, which for some 
reason or other arises between the blood plasma and the tissue fluid, can 
rapidly be equalized because of the high permeability of the capillary 
walls to the low molecular compounds—sodium chloride and other mineral 
substances, glucose, urca and other products of metabolism—dissolved in 
the plasma and in the tissue luid. Nevertheless, when dissimilation, which 
leads to the formation of products of carbohydrate, protein and fat conver- 
sion, proceeds intensively, the total molecular concentration in the cells 
and in the tissue fluid rises above that in the blood plasma. The resulting 
difference in osmotic pressure between the plasma and the tissue fluid is 
the reason for the passage of water from the former into the latter. Such 
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enrichment of the organs with water at the expense of the blood occurs 
during their increased activity, for example, during muscular work and 
during the secretory activity of the glands. 

When the organs work uniformly and crvstalloids easily penetrate 
through the capillary walls the osmotic pressure conditioned by these 
substances in the plasma and the tissue fluid is equalized. The content of 
colloids. primarily proteins, in these fluids is. therefore, of special im- 
portance in the distribution of water between them. Colloids permeate the 
wall of the capillaries with difficulty. Since the blood plasma contains 
much more proteins than the tissue fluid there is a difference of osmotic 
pressure between them. 

The osmotic pressure conditioned by the plasma colloids is called 
colloid osmotic or oncotic pressure. In view of the high molecular weight 
and, consequently. low molecular concentration of the proteins their colloid 
osmolic pressure is jow--15 10 20mm. Hg. The oncotic pressure of the 
blood plasma is a factor which aids in the passage of water from the tis- 
sues into the blood stream. 

The oncotie pressure is resisted by the pressure which acts on the blood 
in the capillaries, i.e., the hydrostatic pressure of the blood. The blood 
pressure in the arterial part of the capillaries reaches about 25 to 35 mm. Hg 
and, consequently, exceeds the colloid osmotic pressure of the plasma. In 
the initial portion of the capillaries the fuid, therefore. passes from the 
blood inte the tissue which surrounds the capillaries. Contrariwise, at the 
venous end of the capillarics the hydrostatic pressure of the blood is 
already lower than the colloid osmotic pressure and the water passes from 
fhe tissue fluid back into the blood. The blood, thus. continuously 
exchanges substances with the tissue fluid. Experiments, in which heavy 
water was injected into the blood of the guinea-pig. have shown thal. about 
3.4 of the entire water of the blood passes from the blood siream into the 
extracellular fluid and back per minute. 

Under normal physiological conditions the total amount of water passing 
from the blood into the tissues will correspond to the amount of water 
passing from the tissues into the blood. With a drop in the oncotic pres- 
sure more water passes from the blood into the surrounding: tissues and 
the latter become oedematous. For example, during perfusion of isolated 
organs with saline solutions these organs swell up. Oedema of a number of 
systems and organs also develops as a result of protein impoverishment of 
the blood plasma during protracted protein starvation of the organism, 


The Lymph and Its Composition 


The lymph is formed from tissue fluid which penetrates into the 
lymphatic capillaries. The latter are isolated portions of intercellular space 
separated by a thin layer of endothelial cells. As the lymphatic capillaries 
anastomose they grow larger and form lymphatic vessels. Penetrating into 
the lymph spaces the tissue fluid flows slowly, passes through the lymph 
nodes, acquires white blood corpuscles and assumes the character of the 
fluid known as the lymph. 

The lymphocytes are formed in the lymph nodes. In the lymph nodes, 
too, the solid particles suspended in the lymph are retained. The lymphatic 
vessels drain into the thoracic duct whence the lymph enters the venous 


blood. 
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The composition of the lymph is «lose to that of the blood plasria. The 
content of salts and of the nitrogenous and non-nitrogenous products of 
metabolism is nearly the same as in the blood plasma. TIowever, changes 
in metabolism in the organs produce sharper variations in the composition 
of the lymph than in that of the blood. This is due to the proximity of the 
lymph to the cells and to the slow flow of the lymph. The lymph contains 
much fewer protein bodies than the plasma. The content of protein in the 
serous fluids which fill the body cavities is negligible and amounts to 
tenths of one per cent. The lymph collected from the lymphatic vessels 
and, especially, from the thoracic duct already contains much more protein 
(from 0.3 to 5 per cent) which, moreover, includes albumins and globulins. 

The composition of the lymph drained from the intestinal villi varies 
considcrably. As the intestines absorb the nutritive substances the fats pass 
into the lymph spaces of the villi. The drained lymph is rich in fats (up 
to 3 or 4 per cent). has a whitish appearance and is called the lactic juice 
(chyle). 


Lymph Formation and Flow 


The amount of lymph formed varies with the passage of fluid from the 
blood into the tissues and back. An increase in the amount of tissue fluid 
leads to an increase in lymph formation. Lymph formation is in large 
measure dependent on the size of the surface and on the permeability of 
the capillary walls. The capillaries of the liver and of the intestines are 
known to be especially permeable. As the capillary pressure in these 
organs rises the amount of lymph formed increases manyfold. The per- 
meability of capillaries increases when the tissues are inadequately 
supplied with oxygen or are under the influence of certain poisons. As the 
permeability of the capillary walls increases the composition of the lymph 
changes and the amount of proteins contained in the lymph increases. 

Lymph formation may be greatly increased by introduction of certain 
substances known as lymphagogues. These include peptones, extracts from 
different organs and bile. These substances, apparently, change the per- 
meability of the walls of the capillaries. Lymph formation may also be 
increased by injection of concentrated solutions of sodium chloride, urea 
and certain other substances into the blood stream. In this case the 
concentrated solutions of crystalloids increase the osmotic pressure in the 
blood and cause water to pass into the latter. Owing to this the total 
volume of the blood increases and the pressure in the capillaries rises, on 
the one hand, and the oncotic pressure drops because of a decrease in the 
concentration of proteins, on the other hand. All this tends to increase the 
lymph formation. A change in lymph formation in response to stimula- 
(ion of afferent. nerve fibres has been described (data of L. Orbeli’s labo- 
ratory); Hungarian investigators (Dishvan and associates) recently reported 
that following the removal of the sympathetic chain the lymphatic system 
retains less fluid injected into the lymphatic vessels of the extremities. 

The rate of the lymph flow in the lymphatic vessels is very low. It is 
dozens of times as slow as the flow of blood in the veins. Thus, in the main 
lymphatic vessel in the neck of the horse the rate of the lymph flow was 
estimated at 270 to 300 mm. per minute. 

In the lower vertebrates—tish, Amphibia and reptiles—the lymph flows 
because of automatic contractions of “lymphatic hearts,” distended por- 
tions of the lymphatic vessels with thickened muscular walls. In man 
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and in the higher vertebrates as new amounts of lymph are formed, the 
lymph mechanically forces out that which has until then filled the lymphatic 
capillaries. In the small lymphatic vessels the pressure of the lymph is 
8 to 10mm. H,O. In the thoracic duct, where the latter drains into the 
subclavian vein, the pressure of the lymph is the same as in the large 
veins, i.c., below atmospheric. A slight difference in pressures con- 
diltioned by the lymph flow is thus created. Furthermore, as the skeletal 
muscles contract, separate places in the lymphatic vessels and in the tissue 
spaces are compressed and the lymph is squeezed out of them. The valves 
in the lymphatic vessels prevent the backward flow of the lymph and 
thus aid in its flow towards the thoracic duct, Finally, the lymph can be 
moved by peristaltic contractions of the lymphatic vessels themselves. 

Despite the slow flow of the interstitial fluid and of the lymph through 
the thoracic duct, their daily amount flowing through the thoracic duct of 
the dog equals 1/5 of its body weight (R. Heidenhain). 


PART III 
CIRCULATION 


CHAPTER 9 
GENERAL INFORMATION ON CIRCULATION 
Discovery of Circulation and the Principal Stages in lts Study 


In 1628 William Harvey discovered the functions of the heart and its 
movements by performing numerous vivisections and observing facts 
rather than by studying books of various authors. He discovered ihat a cul 
in any arlery could drain the body of all of its blood which meant. that all 
the blood contained in the body sooner or later flowed through this artery. 
Harvey observed that by pressing on a vein located close to the skin he 
made its portion farther away from the heart swell up. hence. the blood 
flowed to the heart along the veins. Tying an artery off caused its part 
above to enlarge and distend as though congested; it followed that the 
blood flowed along the arteries away from the heart. Experimenting on 
animals Harvey measured the amount of blood pumped by the heart into 
the aorta per minute and estimated that it constituted dozens of litres per 
hour which was possible only if the blood driven through the arteries by 
the heart returned to the latter along the veins. Harvey formulated his 
inferences as follows: theoretical studies and experiments have confirmed 
that the blood passes through the lungs into the heart because of the 
contruction of the ventricles from which it is driven throughout the 
body; it penetrates into the veins and “tissue pores” and along the veins, 
al first fine and then larger veins, returns frum the periphery to the 
centre and, finally, through the vena cava reaches the right atrium. The 
blood, thus, flows in enormous quantitics along the arteries from the centre 
to the periphery and along the veins from the periphery to the centre. This 
amount of blood is greater than could be produced by the food and larger 
than is required to nourish the body. It must necessarily be concluded that 
the blood of animals is in constant circulation. 

Harvey did not know of the existence of capillaries which he designated 
as “tissue pores.” Having no microscope he could not see them and the 
assumption of their existence was a brilliant conjecture based on true pre- 
mises. The capillaries were discovered by Malpighi in 1661 after Harvey's 
death. 

The next important event in the study of the circulation was the deter- 
mination of arterial blood pressure (Hales, 1732). 

The physiology of circulation began to be developed intensively only in 
the forties of last century. Since then the processes occurring in the cir- 
culatory system have been graphically recorded, the amount of blood in 
the body has been measured and the problem of the significance of the 
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various physical factors involved in the movement of the blood has been 
studied. The study of circulatory regulation began at the same time. 

The important study made by Walther in Kiev in 1842 established the 
existence of nervous influences on the functions of the circulatory system. 
He demonstrated that excitation of the “sympathetic threads” contained 
in the sciatic nerve of the frog led to constriction of the blood vessels in 
ils leg. Then discoveries followed one another. It was established that the 
vagus inhibited the heart (Weber Brothers. 1845) and that the heart 
rate increased in response to stimulation of the sympathetic nerve fibres 
(Bezold, Cyon); the influence of different nerves on the vessels was studied 
in detail (Claude Bernard) and reflex changes in the circulation which 
regularly occurred in response to stimulation of the afferent fibres run- 
ning from the receptors of the aorta were discovered (Cyon and Ludwig, 
1566). F. Ovsvannikov ascertained that definite portions of the medulla 
oblongata contained nervous structures whose destruction deranged reflex 
regulation of the vessels. At about the same time (the sixties of Jast 
century) N. Kovalevsky, M. Traube et al. demonstrated that circulation 
altered in response to an accumulation of carbon dioxide in the blood. 

Tn 1880 to 1890 Pavlov pointed out the ways to study the normal regula- 
(ion of circulation by his systematic experiments and showed that it could 
be investigated under conditions of a chronic experiment on healthy non- 
anaesthesized animals. It was in such animals that he found the blood 
pressure was quile constant and ascertained that the constancy was main- 
tained by a redistribution of the blood regulated by the nervous system. 

Clinical studies have always been of essential importance in investigat- 
ing the circulation. Clinical observation makes it possible to study the 
circulatory changes produced in man by ailments of the heart, the blood 
vessels. the nervous system, etc. Clinical needs have led to the development 
of methods for taking the blood pressure in the human arteries and veins, 
and for measuring the amount of blood pumped by the heart. 


Functions of the Various Divisions of the Circulatory System and the 
Significance of Circulation 


Systemic and pulmonary circulation. In vertebrates circulation takes 
place in a closed system of vessels including the central organ of circula- 
tion, ie.. the heart (Fig.11). In mammals the blood vessels form two 
circuits—lesser and = greater—which communicate with one another 
through the heart. Along the greater (systemic) circuit the blood is driven 
by the left ventricle and is carried to all the organs of the body except 
the lungs; alter passing through the capillaries of these organs it enters 
the right atrium by way of the venac cavae. Passing from the right atrium 
into the right ventricle the blood is driven by contractions of the latter into 
the lesser (pulmonary) circuit. In this circuit the blood flows from the 
right ventricle through the pulmonary artery and its branches, the pul- 
monary capillaries. from which it returns to the left atrium along four 
pulmonary veins. Passing from the left atrium into the left ventricle it is 
again pumpcd into the systemic circulation. ea 

The heart is a hollow muscular organ. The longitudinal septum (running 
from the base of the heart to its apex) divides it into right and left halves. 
the transverse groove (altrioventricular groove) divides each of these 
halves into atria and ventricles. 
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The arteries are vessels along which the blood Hows from the heart to 
the capillaries. Each artery gives off art:::ial trunks of a lesser diameter 
which, in their turn, branch out into progressively smaller arteries. The 
walls of the arteries, even their minutest branches, the arterioles, are 
made up of endothelium and layers of muscular and connective tissue, 
owing to which the substances dissolved in the blood cannot penetrate 
through the arterial walls into the interstitial spaces. 

The capillaries are minutest vessels connecting the arterial and venous 
systems. The exchange of substances between the blood and the tissues 
takes place through the capillary walls in the systemic circulation, while 
the exchange of gases between the blood and the air occurs through the 
capillary walls in the pulmonary circulation. The number of capillaries 
is enormous; there is not a single organ in which the distance between the 
capillaries exceeds a small] fraction of a millimetre. The walls of the 
capillaries are built of only one layer of endothelial cells; they are not 
thicker than 0.005 mm., so thal various substances easily penctrate through 
them from the blood into the Lissues and from the tissues into the blood. 

The veins are the vessels along which the blood returns to the heart. 
From the capillaries of the systemic circulation the blood passes into 
venules (very small veins) which merge forming larger veins, the latter 
emptying into veins of a still larger diameter. All of the blood finally col- 
lects in two large venous trunks—the superior and inferior venae cavae— 
which drain into the right atrium. In the pulmonary circulation the pul- 
monary capillaries merge into small veins which finally form four pul- 
monary veins emptying into the left atrium (these are the only veins in 
the body carrying arterial blood). 


Significance of Circulation 


Blood circulation ensures the exchange of substances between all the 
tissues of the body and the external environment and the transport of 
various substances from one bodily organ to another. 

In most multicellular animals oxygen from the externa] environment 
and nutritive materials from the intestine cannot reach the tissues directly. 

Only the movement of the blood, which carries oxygen and nutritive 
substances to all tissues, provides for a replenishment of the compounds 
consumed by the body in the process of metabolism. It is also the blood that 
ensures excretion of the end products of the body's metabolism (carbon 
dioxide, ammonia, etc.) whose accumulation in the tissues would lead to 
an impairment of their functions. 

None of the body tissues can function normally without receiving the 
compounds produced in other tissues and transported from the site of pro- 
duction to other organs again only by the blood. Because of the blood-flow 
the hormones, each of which is produced only by a certain endocrine 
gland (see Chapter 39), are carried throughout the body. 

Circulation also ensures the liberation of heat by the organs producing 
large amounts of heat to those producing less (the respiratory organs and 
the skin). Normal vital activity of the body is possible only if circulation 
is continuously regulated, which ensures correspondence between the 
functions of the different organs and the amount of blood flowing through 
them, as well as the maintenance of a relative constancy in the arterial 


blood pressure. 
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The significance of circulation becomes particularly clear when we con- 
sider the consequences of its cessation. 

Not all organs cease functioning as soon as the blood stops flowing 
through their vessels. The functions of the most differentiated nervous 
tissue, the tissue of the cerebral cortex and of the retina of the cye, ceases 
practically immediately after the cessation of circulation; coma ensues the 
moment blood stops flowing to the brain; cessation of circulation for more 
than 5 or 10 minutes leads to necrosis of the higher divisions of the brain. 

The heart stops almost as soon as the flow of blood through its vessels 
(coronary) ceases, but irreversible changes develop in il comparatively 
slowly. The functions of the kidneys and liver discontinue soon after com- 
plete anaemization (within 10 to 20 minutes). Paralysis of the skeletal 
muscles ensues 20 to 30 minutes after the blood stops flowing through 
the latter, but the changes in the skeletal musculature become irreversible 
only after 1.5 to 2 hours of total anacmization, and tourniquets can, there- 
fore, be applicd to stop haemorrhages from the vessels of the extremities 
for 1.5 to 2 hours. The smooth muscles and connective tissue can endure 
cessation of the blood flow for a relatively longer time and not infre- 
quently continue functioning several hours after circulation has stopped. 

The disorders of the function and the ensuing necrosis of the tissues 
after cessation of the blood supply are essentially due to the discontinu- 
ance of the oxygen flow to the tissues and the deleterious effect of the 
insulticiently oxidized metabolites (lactic acid, etc.) accumulating in the 
tissues during anacrobic metabolism. 

Cessation or impairment of the blood supply to any organs cause grave. 
not infrequently fatal, diseases conditioned by extreme constriction 
(spasm) of the vessels or their occlusion by a clot of coagulated blood 
(thrombus). Thus, myocardial infarction, a grave heart ailment, results 
from a thrombosis of cardiac vessels. Cuses of death due to thrombosis of 
the pulmonary artery have been reported; there are thromboses of the 
vessels of the brain, the internal organs and the extremities (most fre- 
quently the lower). The outcome of the disease in large measure depends 
on whether collateral circulation, i.e.. blood supply through a newly 
formed or considerably developed existing vascular network will be fast 
enough to provide blood by by-passing the occluded vessels. 


Evolution of the Cardiovascular System 


The lower invertebrates have neither blood vessels nor blood and the 
cells of the organism exchange substances with the external environment 
by a direct penetration of water, oxygen and nutritive materials into the 
tissue fluid which moves slowly in the intercellular passages. 


Phylogenetic development gives rise to increasingly broader avenues for the 
circulation of tissue fluid, but we can speak of a circulatory system only when 
special vessels with their own walls have appeared. In invertebrate animals (except 
the Annelida) this system of vessels is nat yet closed, the vessels are interrupted 
by slits, lacunae, which do not have their own walls. A closed circulatory system 
appears only in the Annelida. Hence, an increasing isolation of the vessels into a 
closed system is characteristic of the evolution of the circulatcry apparatus. 

The second characteristic feature in the development of the cardiovascular 
system is the progressive differentiation of a special muscular organ whose con- 
tractions are responsible for the movement of the fluid filling the vessels. Worms, 
for example, und even the lower Chordata (amphioxrus lancellatum) have no heart 


6 81 


as such. but a dorsal vessel whose muscular wall pulsates rhythmically. In the proc- 
ess of evolution the rhythmic contractions of vessels become unimportant and a 
special muscular organ, the heart, develops. 

A division of the heart into an atrium and a ventricle begins to show in fish. The 
entire blood pumped by the heart is directed in fish towards the gills (Fig. 12, I), in 
whose capillaries it is oxygenated; from the gills the blood goes to blood vessels 
which in higher animals correspond to the systemic circulation. Afler passing 
through the capillarics of all the organs the blood returns to the heart which, thus, 
receives only venous blood. 

The Amphibia (Fig. 12, I) already have two isolated atria: all of the venous 
blood collecting from the capillaries of the systemic circulation flows into the right 
atrium, while (he blood returning from the lungs drains into the left atrium. There 





Fig. 12. Diagram showing evolution of structure of blood-vascular systern. 
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is only one ventricle, however, so that the arterial and venous blood mix in it. It is 
the higher reptiles (crocodiles) who, finally, show a four-chamber heart and a fully 
specialized system of systemic and pulmonary circulation (Fig. 12, II). 

The evolution of the structure of the circulatory system is accompanied by an 
evolution of its functions. The flow of the blood is accelerated; the regulation of 
circulation grows increasingly more complex. 


CHAPTER 10 
PUMPING FUNCTION OF THE HEART 
The Cardiac Cycle. Valves of the Heart 


Sequence of the phases of cardiac function. The unceasing flow of the 
blood along the vessels is conditioned by the activity of the heart. Each 
contraction of the heart drives the blood from the left ventricle into the 
aorta and from the right ventricle into the pulmonary artery. During the 
relaxation of the ventricles the latter are filled with blood which enters 


the left atrium from four pulmonary veins and the right atrium from 
the superior und inferior venae cavae. The period of a single contraction 
with the ensuing relaxation of the heart is referred to as a cardiac cycle. 
The contraction of the heart muscle is called a systole and its relaxation a 
diastole. 

Each cycle in the activity of the heart begins with a systole of the atria 
which is followed by their diastole. The systole of the ventricles begins 
immediately after the end of the systole of the atria. The systole of the 
ventricles is followed by their diastole during which both the atria and 
the ventricles are relaxed. This is a pause of the whole heart. 

Role of the valves of the heart. Because of the valves the contractions 
of the heart drive the blood only in one direction: from the atria into the 
ventricles and from the ventricles into the arteries. 

The atrioventricular valves are located in the apertures between the 
atria and the ventricles (the 
bicuspid or mitral in the left sve 
and the tricuspid in the right 
aperiures). 

During diastole of the whole 
heart and during systole of 
the atria the leaflets of the 
atrioventricular valves hang 
down into the cavities of the 
ventricles without, however, 
touching their walls (Fig. 
13, A). At this time the blood 
flowing from the veins to the Fig. 13. Diagram showing action of heart valves 
heart freely passes through Ta tt ponilion of valves daring atrial syarate and during 
the puda into. Ie ventris Mise ae o e eee 

With the beginning Of Ahe tumar (2 ure shut. Right- position during ventrieuanr systokh 
ventricular systole the mus- iafter period af tension); alrioventricuher valves are shut 

š x s semilunars are open; $= ehordae tendincne: 4 papillary 
cles of the ventricles tense miseen. SVC and IVC -superion and inferior venne vavt 
and forecfully press on the reapestively , 
blood contained in the ventric- 
ular cavilies. The pressure on the sides of the valvular cusps [facing the 
walls of the ventricles excceds that exerted on them by the atria. This 
presses the leaflets of the atrioventricular valves to each other and they 
assume the position shown in Fig. 13, B. The higher the pressure in the 
ventricles the greater the force that shuts the atrioventricular valves. 

The closing of the atrioventricular valves is prepared already by the end o! 
the systole of the atria because by this time the reverse wave of the blood 
driven out of the atria and reflected from the walls of the ventricles reaches 
the sides of the leaflets facing the ventricular cavities. This forces the leaflets 
of the atrioventricular valves somewhat closer to each other by the end of 
the atrial systole, while the rise in ventricular pressure closes the valves, 
making their leaflets adhere closely to each other the moment the ventric- 
ular systole begins. 

The chordae tendineac, i.c., tendinous cords attached to the valvuler 
borders and to the papillary muscles of the ventricles, play an essential 
part in the action of the atrioventricular valves. By contracting the papil- 
lary muscles stretch these tendinous cords owing to which the edges of 
the valves slightly [old towards the ventricles and their leaflets hug each 
other for some distance rather than just touch margins. Besides, the pull 
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of the tendinous cords does not allow the leaflets of the valves to bend back 
into the atrial cavities under the strong pressure of the ventricular blood. 

A certain role in closing the atrioventricular openings is apparently 
played by the circular muscles which line them. During ventricular systole 
the atrioventricular openings become constricted, which may also prevent 
the blood from flowing back into the atria. 

If the atrioventricular valves do not shut light the blood during contrac- 
tion of the ventricles is driven not only into the arteries, but also back 
into the atria. This condition is called insufficiency of the corresponding 
atrioventricular valve; it may result not only from a destruction of the 
leaflets of the valves, but also from an impairment of the papillary muscles, 
the tendinous cords and the muscles surrounding the atrioventricular 
opening. 

The atrioventricular valves are closed when the pressure in the ventricles 
is higher than in the atria; hence, they are closed throughout the systole of 
the ventricles and are open during the diastole of the whole heart and 
during the systole of the atria. 

The semilunar valves are located where the blood passes from the left 
ventricle into the aorta and [rom the right ventricle into the pulmonary 
artery. In structure these valves resemble three pockets whose edges are 
directed towards the aorta or the pulmonary artery. The space between 
the walls of these vessels and the inner surface of the valves is filled with 
blood. When the pressure in the aorta or in the pulmonary artery rises 
above that in the ventricles the blood straightens out the edges of the 
semilunar valves and presses them to each other (Fig. 13, B). The more 
the pressure in the aorta and in the pulmonary artery exceeds that in the 
ventricles the closer the edges of the semilunar valves arc pressed to 
each other. 

The semilunar valves are closed when the pressure in the aorta (and in 
the pulmonary artery) is higher than the pressure in the ventricles; hence, 
they are closed throughout the diastole of the heart and are open only 
during the systole of the ventricles when blood is being driven out of them. 


Phases of Cardiac Activity 


The heart imparts motion to the blood because each contraction (systole) 
of its ventricles forcefully drives the blood into the arteries. The blood 
filling the heart experiences a pressure exerted on it by the walls of the 
heart which tense during systole. As a result of this pressure the blood 
is forced in the direction which offers no obstacles to its flow, i.e., in the 
direction in which the valves open. 

To understand the work of the heart we must observe the changes in 
pressure in its cavities (and in the aorta) during the entire cycle of 
cardiac activity. 

Recording the pressure in the cavities of the heart. A mercury mano- 
meter cannot be used because owing to the mass and, consequently, the 
high inertia of mercury, the oscillations of the mercury column are not fast 
enough to follow the rapid variations in the blood pressure in the cavities 
of the heart. For this reason use is made of a membrane manometer (with 
a minimum of inertia) in which the variations of pressure cause displace- 
ments of the thin elastic rubber membrane stretched over a small hollow 
capsule (Fig. 45). The capsule communicates by means of a liquid-filled 
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tube with the organ in which the variations in pressure are being recorded. 
A small mirror is glued to the rubber membrane of the manometer; the 


shaft of light reflected by the mirror is directed at a slit behind which 
sensitized paper moves. 


To record the pressure in the cardiac cavities without opening the thoracic cavity 
Marcy proposed that a so-called cardiographic probe. i.c., a hollow tube, be inserted 
into the right half of the heart through the jugular vein. A small rubber inflatable 
balloon is attached to the end of the probe which is being inserted into the heart, 
the balloon communicates with the manometer through the tube of the probe. The 
manometer thus records all the variations in pressure occurring in the balloon in- 
serted into the heart. A probe consisting of two tubes may also be used; in this 
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Fig. 14. Recording pressure in cardiag cavities (experiment by Chauvean and Murey) 
by cardiogruphic sounds and pneumatic transmission, 


Balloons on the eardiographic sounda are inserted through jugular vein into right atrium (7) and right. 

ventricle (2), and through carotid artery into left ventricle (3). Balloons are filled with air and are conneet- 

ed with Marey’s recording capsules (40). Oncillationa of pointer corresponding to every change in prea- 

sure in carding cavitios are recorded on kymograph, Movements of apes of heart (heart. beats) are aimul- 
tancourly recorded through Marcy's enpsule. 


case the balloons attached to cach tube are inserted—one into the atrium and the 
other into the ventricle (Fig. 14). The cardiographic probe is frequently inserted 
directly into the heart cavity through an incision in its wall. 


These methods have madc it possible accurately to record the variations in pres- 


sure in the cardiac cavities of the higher animals (dogs, horses) and in some opera- 
tions also in the heart of man. 


Systole of the atria. The cardiac cycle begins with the systole of the 
atria. The pressure in the cavities of the atria rises during their systole 
(by 2 to 5mm. Hp). 

There are no valves between the atria and the veins, but during the 
systole of the atria the circular muscles surrounding the veins at the points 
of their entrance into the atria contract. Owing to this only a negligible 
amount of blood flows from the atria back into the veins. 

The systole of the atria is followed by their diastole which lasts till the 
beginning of the atrial systole of the next cardiac cycle. 
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Systole of the ventricles. The systole of the ventricles begins immediately 
after the end of the atrial systole. Both ventricles contract simultaneously 
and the sequence of events is the same for both. 

Period of tension. Contraction of the ventricular muscles produces a 
sharp rise in the pressure of the blood contained in the ventricles. The 
pressure in the ventricles immediately rises above that of the atria and the 
atrioventricular valves, therefore, close in the very beginning of the 
ventricular systole. The semilunar valves open somewhat. later because 
by the end of the diastole of the left ventricle the pressure in the aorta 
usually still equals 50 to 
70mm. Hg. (p. 136) and 
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Since liquids are prac- 
tically incompressible 
Fig. 15. Recording changes in volume of left ventricle the muscle fibres of the 
and variations in pressure in left atrium, left ventricle ventricles cannot. short- 
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in the beginning of the ventricular systole (about. 0.05 sec.) when their cavi- 
ties are closed is, therefore, called the phase or period of tension. By tensing 
and not shortening the ventricular muscles exert during this period an 
increasingly higher pressure on the enclosed blood. Fig. 15 demonstrates 
the period of tension by the fact that between verticals II and ILI, the 
former corresponding to the moment the atrioventricular valve closes 
and the latter to the moment the aortic valve opens, the volume of the 
ventricles (lower line in the figure) and the pressure in the aorta undergo 
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* When stimulated muscle fibres do not shorten, but only tense, their contrac- 
tion is called isometric. The period of tension is, therefore, sometimes designated 
as the isometric period. 
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practically no change. whereas the pressure in the ventricle (upper solid 
line) rises sharply. 

Period of ejection. The moment the pressure developed by the mus- 
cles of the ventricles exceeds that in the aorta the aortic valves open and 
the period of cjection begins; this period lasts about 0.25 sec. Fig. 15 shows 
that the line indicating the pressure in the ventricular cavities crosses the 
line indicating the pressure in the aorta and runs above it throughout the 
period the blood is being forced out of the heart. 

In the beginning of this period the pressure in the ventricular cavities 
rapidly rises, reaching 130 to 150 mm. Hg. At this time the blood quickly 
flows from the left ventricle into the aorta and from the right ventricle 
into the pulmonary artery; the volume of the ventricles sharply decreases. 
This is the period of maximal ejection. 

About 0.05 to 0.1 sec. after the opening of the semilunar valves 
the flow of blood from the heart begins to slow down and the contraction 
of the ventricular muscles weakens. The pressure in the left ventricle is 
still higher than in the aorta, its muscles are still contracting. but the 
pressure both in the ventricle and in the aorta is beginning to fall. This 
period is referred to as the period of reduced ejection. 

Period of relaxation. Approximately 0.25 to 0.3 sec. after the opening of 
the aortic valve the systole of the ventricles ceases and the diastole begins. 
Immediately after the beginning of the ventricular diastole the aortic valve 
closes because the moment the muscles of the ventricles start relaxing the 
pressure in the ventricular cavities at once sharply falls below that. in the 
aorta (Fig. 15, IV). Now again (this time against the background of develop- 
ing relaxation) a short period ensues (approximately 0.08 sec.) when the 
aortic valve is already closed and the atrioventricular valves are not yet 
open. During this time pressure in the ventricular cavities drops from the 
level of the pressure in the aorta to that in the atrium. When the pressure 
in the ventricles falls slightly below that in the atria the atrioventricular 
valves open (Fig . 15, V) and the diastole of the whale heart ensues lasting 
till the beginning of the next atrial systole. 

The phenomena in the right half of the heart (right atrium and right 
ventricle) are a reduced replica of those observed in the left half of the heart. 
The moments when the valves open and close coincide. The period of ten- 
sion and the period of ejection occur simultaneously and the curve showing 
the pressure changes through the cardiac cycle in the right atrium, the right 
ventricle and in the pulmonary artery repeats the curves (Fig. 15) illustrat- 
ing these relations for the analogous divisions of the left half of the heart 
and the aorta. The only difference is that the pressure change in the right 
ventricle is less than the corresponding changes in the left ventricle and 
in the aorta. By the end of the diastole the pressure in the aorta equals 60 
to 80 mm. Hg, while in the pulmonary artery it is only 8 to 15 mm. while 
the blood is being rapidly forced out of the heart the pressure in the aorta 
rises to 130 to 150 mm. Hg, while in the pulmonary artery it reaches only 
15 to 30mm. (in the cavities of the right and left atria the changes in 
pressure during the cardiac cycle are almost the same). 

Cardiac diastole and filling of cardiac cavities with blood. The blood can 
flow from the veins into the atria throughout the systole of the ventricles 
from which the atria are at this time separated by the atrioventricular 
valves. The systole of the ventricles even fosters the passage of blood from 
the veins into the atria because at the time the blood is being driven out 
of the heart the septum between the ventricles and the atria is pulled 
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towards the apex of the heart which Icads dilatation of the atrial 
cavities. 

As the atrioventricular valves open the blood accumulated in the atria 
flows into the ventricles and their volume begins to increase rapidly (see 
lower line in Fig. 15). Towards the end of the diastole the blood entering 
the atria from the veins flows from the atria into the ventricles. The end 
of the ventricular diastole coincides with the atrial systole of the next 
cardiae cycle. 

Duration of the various phases of the cardiac cycle. With 75 heart-beats 
per minute cach cardiac cycle lasts 60:75, i.c., 0.8 sec. with the systole of 
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Fig. 16. Time relationship of various phases in cardiac eyele. 
Blackened spaces show period af atrial and ventricular aystoles respectively; shading represents 
periods the atrioventricular and actiilunar valves are closed. Two cardiac cyeles eneh of 


0.8 see. duration are shown, 


the atria lasting about 0.] sec. and their diastole—0.7 sec. The systole of the 
ventricles lasts about 0.3 sec., their diastule—0.5 sec. The diastole of the 
whole heart (atria and ventricles, both) then lasts 0.4 sec. (Fig. 16). These 
figures are, of course, only of a relative significance; their valuc depends 
mainly on the heart rate. With an increase in the heart rate the systole 
shortens less than the whole cardiac cycle so that the latter shortens mainly 
at the expense of the diastolic period. For example, with 120 contractions 
of the heart per minute, when each cardiac cycle lasts 0.5 sec., {he ventric- 
ular systole still lasts about 0.2 sec., while the ventricular diastole short- 
ens approximately to 0.3 sec. 


Arterial and Venous Pulse 


The systole and diastole of the heart are inseparably connected with the 
rhythmic pressure variations in the large arteries and the large veins 
located close to the heart—pulse waves. These waves must, therefore, be 
considcred in their direct connection with the activity of the heart. 

Arterial pulse. In the narrow sensc of the word “pulse” means a certain 
wave of distension which passes over the arterial walls with each contrac- 
tion of the heart. These waves are easily palpated on the superficial arteries. 
It has been a practice of long standing to palpate the peripheral pulsc in 
the region of the lower fourth of the forearm because the radial artery 
passes here directly under the skin and the fascia and lies on a flat bone. 
Palpation of the radial pulse gives a certain idea not only of the heart 
(rhythm, force of cardiac contractions), but also of the state of the arterial 


walls (degrec of tension, rigidity, sinuosity, etc.). It enables the clinicist to 
form a more accurate judgment of the nature of pathological changes in 
the peripheral arteries. 

The pulse waves of the arterial walls pass from the beginning of the 
aorta over the arterial system with each systole. These waves vary in 
intensity with the degree of arterial elasticity. 

The speed at which the pulse waves of the arterial walls travel is equiv- 
alent to that at which the variations in blood pressure are reflected in the 
arterial stream. This speed is much higher (about 5 to 10 times as high) 





Fig. 17. Sphyygmograph and diagram of its construction. 
Io sii alightly pressed by spring (3) to site where the waves of the racial 
artery are palpated beat, the waves perceived by the stud are transmitted: by 
levers fo pointer (2) whose movements are recorded on smoked paper (7) moved 
by eloek, The degree of pressure of the stud ean be regulated. 


than the velocity of the blood flow along the arteries. The pulse waves 
of the arterial walls, therefore, arise in all arteries (except the aorta at the 
point where it leaves the heart) sooner than the portion of blood driven 
out of the heart during a given systole reaches the corresponding point. As 
the elasticity of the arterial walls decreases (for cxample, in elderly people) 
and the blood pressure rises the pulse waves travel at a higher speed while 
the amplitude of these waves (everything clse being equal) diminishes. 
The easily palpated pulse waves of the arterial walls can be recorded by 
a special instrument called a sphygmograph (Fig. 17). 

The curve of a pulse 
record (sphygmogram) 
always shows (Fig. 18) 
an ascending limb— 
anacrotism and a de- 
scending limb—cata- 
crotism with secondary 





waves, the highest of Fig. 18, Normal sphygmogram. 
which is referred to 2 main wave, 2--dicrotie wave, 


as a dicrolic rise or 

notch. The anacrotism is due to a rise in the arterial pressure during systole, 
while the catacrotism results from a gradual drop in pressure during 
diastole. The dicrotic rise is caused by the blood pulsating against the 
closing leaflets of the semilunar valves at the end of the systole. The blood 
pulsating against the closing valves produces a wave reflected from 
the closed valves towards the periphery. A reflected beat arises lead- 
ing to a very brief increase in the aortic pressure and, consequently, 
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to a corresponding wave in the aortic walls. Thus, the dicrotic wave arises 
at the same point as the primary wave and travels along the arterial walls 
at the same speed. 

Sometimes the dicrotic rise is so high that it can be mistaken for a 
cardiac wave (the question is easily settled by comparing the pulse rate 
with the heart rate counted by the heart-beat). Such pulsc is called dicrotic. It 
is usually due to a low tension in the arterial walls. 

The pulse waves (like the pressure variations) travel along the artcries 
at a definite speed (6 to 12 m/sec.); the less elastic the artery the higher 
the speed (one can get a visual idea of this by watching the oscillations of 
a taut or slack cord). The pulse wave travels the distance to the radial artery 
(about. 80 cm.) in 0.04 to 0.08 sec. 

Some pcculiarities of the pulse can be determined even by simple palpa- 
tion. If the pulse waves disappear when the artery is slightly compressed, 
the pulse is referred to as an easily compressible or soft pulse (pulsus 
mollis) most frequently encountered in fevers. 

The opposite condition of the pulse (pulsus durus) is characteristic of 
high tension of the arterial walls. This pulse variety is most frequently 
observed in chronic nephritis and in lead colic 
with a sharp rise in the vascular spasticity 
typical of these ailments. 

Depending on the speed at which the pulse 
wave develops we speak of a fast pulse (pulsus 
celer) and a slow pulse (pulsus tardus). The 
former is a symptom of insufficiency of the semi- 
lunar valves of the aorta, the latter is charac- 
teristic of the unyielding vascular walls in 
atherosclerosis. 

An irregular pulse revealed by comparative 
AW palpation of both radial arterics denotes aortic 
V0 sec, aneurism. 

Fig. 19. Venous pule curve— _ Venous pulse. In the veins located close to 
phiebogram (after L. Fogel- the heart it is possible to detect variations in 
son). pressure connected with the activity of the 
heart and producing waves in the venous walls. 

These waves are designated as the venous pulse. 

To record the venous pulse a hollow needle inserted through a puncture 
in the skin into a vein located close to the heart (usually the jugular vein) 
is connected with a manometer or a capsule, which registers the variations 
in pressure that are communicated to Marey's recording capsule, fastened 
over the vein. 

The curve of the venous pulse—phlebogram—shows (Fig. 19) three waves 
corresponding to a rise in the venous pressure (a, c and 1’). Wave a is pro- 
duced by the systole of the right atrium. During the tension in the right 
ventricle the rise in pressure in its closed cavity is transmitted through 
the closed leaflets of the atrioventricular valve to the blood which fills the 
right atrium and the near-by veins and gives rise to wave c. The third 
wave (v) is observed during the second half of the ventricular systole and 
is due to the inflow of blood from the veins into the atria. The sharp drop 
of the curve from c to x, corresponds to the fall in the atrial pressure at the 
time the blood begins to be driven out of the ventricles. 

The curve of the venous pulse thus shows the variations in blood pres- 
sure in the large veins resulting from the atrial systole, the period of 
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tension of the ventricular systole, the blood being driven oul of the 
ventricle and the passage of blood from the atrium into the ventricle after 
the opening of the tricuspid valve (drop in pressure from v to y). 


CHAPTER 11 


PHYSICAL PHENOMENA CONNECTED WITH CARDIAC ACTIVITY. 
CARDIAC SOUNDS 


Nature of cardiac sounds and their recording. Two separate sounds are 
auscullated in each normal cardiac cycle. These sounds are known as 
cardiac sounds. We can easily verily the fact that two sounds really corre- 
spond to each cardiac cycle if we simultaneously count the cardiac sounds 
and the pulse waves of the arterial wall; nor- 
mally there are always twice as many cardiac 
sounds as there are pulse waves. 

First we hear a longer sound of a low tone: 
this is the so-called first cardiac sound. After a 
brief pause it is followed by a higher-pitched 
but shorter sound, the second sound. After this 
comes a longer pause than the onc between the 
two sounds. With a new cardiac cycle the two- 
tact rhythm of cardiac sounds is repeated (Fig. 20). 


The cardiac sounds can be heard by pressing the ear 
to the thorax, but it is more convenient to use a pho- 
nendoscope. A phonendoscope is a receiving capsule 
equipped With a membrane which magnifies the sound 
waves transmitled from the capsule of the phonendo- 
scope along rubber tubes whose ends are inserted into 
the ears, 

To record the cardiac sounds the sound waves are 





usually transformed into clectric waves. The clectric 
waves rising wilh each sound wave are detected by a 
palvanometer or an oscillograph. They can be recorded 
by projecting onto a moving photo-film the oscillations 
of a beam of light reflected by a mirror of the galvano- 


Fig. 20. Diagram of cardiac 
sounds (J) compared with 
changes in pressure in left 
ventricle (7) and elect rocar- 
diogram (2). Vertieal lines 


meter (Fig. 21). A and B represent. beginning 
and cnd of ventricular sys- 


Causes of cardiac sounds. By simultancously 


es x : : tole. Roman figures show 
recording the pressure in the ventricular cavity tint anl second carding 
sounds, 


and the cardiac sounds (Figs. 20 and 21) we see 
that the first sound ariscs in the beginning of 
the ventricular systole and lasts approximately 0.12 sec. (throughout the 
period of tension and the beginning of the period when the blood is forced 
out of the heart). This sound is called the systolic sound. 

The second sound is produced at the moment the semilunar valves 
close and lasts about 0.08 sec. This sound is referred to as the dias- 
tolic sound. 

Several factors are responsible for the first cardiac sound. The initial 
part of the first sound is conditioned by sound phenomena connected with 
the systole of the atria. A certain part in this is played by the vibration of 
the atrioventricular valves and the chordae tendineae which is due to a 
sharp rise in ventricular pressure. But the contraction of the ventricular 
muscles is the most significant in producing the first sound since in special 
experiments on animals it was possible to hear the first sound (though 
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weakened) even after the atrioventricular valves had been destroyed. There 
are reasons to believe that the sharper the pressure rises in the ventricles 
during systole the stronger is the first cardiac sound, everything else being 


equal. 





Fig. 21. Record of cardiac sounds (top) and clectrocardiogram (bottom). Atrial com- 
ponont. of first. sound is visible. Record was mado by instruments of tho Institute 
of Therapy of the U.S.S.R. Academy of Medical Science (after F. Savehenkay). 


The second heart sound is produced by the closing of the semilunar 
valves and the vibration of their elastic walls. The higher the pressure in 
the aorta (and correspondingly in the pulmonary artery) the stronger 


the sound. 


Investigation of the cardiac sounds is of enormous practical importance 





Fig. 22. Position of heart in thoracic cavity and 
auscultation arcas. 


f... Projection of aortie valve; 2—-Projeetion of and auacultation 

aren of tricuspid valve; 3-- Projection of and auscultation area 

of valves of pulmonary artery; 4--I'rojection of mitral valve; 

å- apex of heart. Upper arrow shows auscultation area of aortic 
valve, lower arrow—-hieuspid (mitral) valve. 


since a number of disorders 
of the cardiac function 
leads to changes in these 
sound phenomena. 


I£, for example, the function 
of the mitral valve is impaired, 
the blood during the systole of 
the ventricles passes not only 
into the aorta, but also back 
into the left atrium. During the 
systole the ventricle is not fully 
closed and the pressure in its 
cavity rises less sharply than 
normal; the vibration of the 
mitral valve and the chordae 
tendineae is weaker, the first 
sound is, therefore, less sonorous 
and the flow of the blood from 
the ventricle into the atrium 
leads to the production of an 
adventitious sound during the 
entire systole—the systolic mur- 
mur. If the aortic valve docs 
not fully close the blood passes 
from the aorta back into the 
ventricle during ventricular 
diastole resulting in a diastolic 
murmur. 


Separate auscultation of the cardiac sounds. The first cardiac sound is 
produced in the region of the atrioventricular valves and the second in 
that of the semilunar valves. Spreading from the point of origin the sound 
waves are not equally muffled by the different organs and tissues of the 
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thoracic cavity. By auscultating the cardiac sounds at different portions 
of the anterior surface of the chest wall it is, therefore, possible to detect 
separately the sound phenomena connected with the function of cach of 
the four valves. 


It has been found empirically that the second sound auscultated in the second 
intercostal space to the right of the sternum is connected mainly with the closing 
of the aortic valves, while the second sound auscultated in the same intercostal 
space but to the left of the sternum in large measure reflects the closing of the 
valves of the pulmonary artery. The first sound determined by auscullating near 
the sternum between the points of attachment of the fourth and fifth ribs is con- 
ditioned mainly by the sound phenomena arising during the activity of the right 
ventricle and the tricuspid valve (Fig. 22). 


Heart-beat, Cardiogram and Size of the Heart 


During the contraction of the ventricles the heart changes its position 
in the thoracic cavity: its base drops and the large vessels stretch. The 
heart that was flabby during diastole becomes compact, almost hard, 
during syslole. During systole the apex of the heart barely changes its 
position, but the whole heart rotates somewhat from left to right 
and the left ventricle is pressed closer to the thoracic wall. This 
manifests itself on the surface of the thorax in the form of a heart-beat. 
palpated (in slender people visible externally) in the left fifth intercostal 
space inside the line drawn through the middle of the clavicle. 

The record of the heart-beat is called a cardiogram. 


This record is casily obtained by tying to the chest a rubber-covered capsule 
with a convex ivory stud glued to it. The capsule is put on so us to have the ivory 
stud right over the region of the heart-beat. At cach beat the stud is pressed in and 
compresses the air in the capsule. The latter is connected by a tube with another, 
recording capsule. The rise in pressure in the capsule placed on the chest leads to 
a rise in pressure in the recording capsule; the rubber that invests it rises and the 
movements of the pointer are recorded on a moving smoked puper. The record of 
the cardiogram is of no great practical importance, 


The size of the heart is very easily determined by percussion since the 
sound produced by percussing a finger placed on the chest is duller over 
the heart than over the air-filled lungs. The most accurate method of 
determining the size of the heart is photographing its shadow by X-rays 
to which the heart is less permeable than the lungs. 

The size of the heart varies, firstly, with the distension of its cavities 
by blood and, secondly, with the thickness of the muscles of its walls. The 
heart normally weighs 250 to 350 gr. (0.4 to 0.5 per cent of the body 
weight). The distension of the heart resulting from a sustained high 
arterial pressure and from heart diseases leads to hypertrophy, i.e., to an 
increase in the mass of its muscle. This is due chiefly to the thickening of 
each muscle fibre rather than to a growth of new muscle fibres. 


Electrocardiography 


Action currents in the heart and their recording. As before stated 
(p. 33), each excited portion of tissue is electronegative in relation to the 
portion at rest. By connecting two areas of tissue to a galvanometer we, 
therefore, discover a difference in potentials (action current or potential) 
at the moment the excitation spreading over the given tissue reaches the 
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point where one electrode is placed, bul has not yet reached the point of 
contact of the second electrode. When the excitation has spread over the 
whole organ and all its portions are, therefore, in the same state, there 
is no difference in potential between the two points of the tissue as there 
is no difference when these areas are in a state of rest. 

Electric potentials arise in 
the heart muscle during its 
activity. The lines of force of 
the electric field spread in 
every direction from the point 
of origin of the difference in 
potentials. The heart is not 
symmetrically located in the 
thoracic cavity and the clec- 
tric potentials originating any- 
where inthe organ spread over 
the body as is shown in Fig. 23. 
By connecting two points of 
the body, which are asym- 
metrical in relation to the clec- 
trical axis of the heart, with 
a sufficiently sensitive and 
inertia-free recording instru- 
ment we can record the elec- 
tric phenomena of the heart. 

The study of the clectric 
phenomena originating during 
the activity of the human heart 
has become practically pos- 
sible since W. Einthoven 
(1903) used for this purpose 
a string galvanometer, an 
instrument which permits of 

A. Samoilov reeording not only very weak 
(with a tension measured in 
millivolts) but also very rapid electric currents (in this instrument a very finc 
filament fixed in the field of a strong electromagnet is deflected when an 
electric current passes through it; magnified by a system of lenses the 
deflection of the string is photographed on a film moved by the rotating 
kymograph drum). At the present time more mobile oscillographs, rather 
than a string galvanometer, are made use of; the recorded current fed to the 
variously designed oscillographs is considerably amplified by cathode 
valves. The instruments specially adapted to recording the bio-currents of 
the heart are called (irrespective of type) electrocardiographs. 

In recording the electric potentials of the human heart clinically the 
currents are directed to the electrocardiograph from the following parts of 
the body (Fig. 24): from the right and left arms (first lead), from the right 
arm and the left leg (second lead) and from the left arm and the left leg 
(third lead). The chest leads are frequently used for this purpose; in this 
case onc of the electrodes is placed somewhere on the chest and the second 
is usually applied to an arm (preferably the right arm). Oesophageal leads 
are now successfully used: one of the electrodes is inserted into the oesopha- 
gus (at various levels) which makes it possible more accurately to isolate 
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the atrial components of the clectrocardiogram (sce below), since the 

electrode is then located most closely to the left atrium (if inserted deeper 

the electrode is close to the wall of the left ventricle). A comparison of 

the electrocardiograms (records of electric phenomena in the heart) taken 

with different leads makes it possible to reveal the deviations in the posi- 

tion of the heart in the thoracic cavity and to determine the part of the 

heart in which alterations responsible 

for the changes in the electrocardiogram 

(this question is treated in greater detail 

in courses of diagnosis and in the study 

of the pathology of circulation) have 

0 occurred. The study of electrocardio- 

grams has become a very important 

method of diagnosing the disorders of 
cardiac function. 
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Fig. 23. Spread ol dines of eurent, Fig. 24. Standard leads used in clectrocardia- 
arising uring cardiac activity, through graphie examination, 
bady. Arrows point at extremities connected hy wires to poles 
of cleetrovardiograph; firt lead (lop) seenud denl 
QGniddle), third lead (bottom). An eleetrocardiogram 
of ench of these wads in ahown on ihe right (after 
A. Myaanikov ). 
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Kleetrie potential conditioned by bio currents 
at heart is msme all atome caeh dotted tin, 
and no difference in potentials is, therefore, 
detected between any iwo points lying on 
same dol ted Line. By connecting points of body 
surface with diferent potentials to cleetro. 
cardiograph variations in these potentials 
conditioned by cardiae activity ure recorded, 


Interpreting an Electrocardiogram. Fig. 25 shows an clectrocardiogram 
of a healthy person (second lead). In the cardiogram three rather large 
waves pointing upward from the middle line and two usually smaller 
waves pointing downward correspond to each normal cardiac cycle. It is 
customary to designate these waves from left to right by P., Q, R, S and 
T with the P, R and T (in the first and second lead) marking the large 
waves pointing upward, and the Q and S marking the small waves (some- 
times they are absent) pointing downward, i.e., in the direction opposite 
to wave R. 

Wave P is due to the excitation of the atria. The current resulting from 
the excitation of the atria always precedes (0.01 to 0.02 sec.) the beginning 
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of the contraction of their muscles. Wave P is the algebraic sum the 
potentials originating in the right and left atria. If we experimentally cause 
the left atrium to contract before the right atrium the crest of wave P will 
not point upward but downward (L. Fogelson); the usually observed upward 
direction of wave P is due to the fact that the oscillation of the current 
conditioned by the activity of the right atrium prevails over that depending 


i 





Fig. 25, Eleetrocardiograms of two healthy people recorded at 
diferent speeds, 


on the excitation of the lefi atrium. In oesophageal leads the negative 
(pointing downward) component of wave P is always present. It has also 
been established that in the electric potentials, which are due to the 
activity of the atria (if they are not disguised by superimposed potentials 
of the ventricular complex), it is possible to detect the same oscillations 
which are so sharply pronounccd in the ventricular complex of the electro- 
cardiogram (see below). In particular, in the atrial part of the electro- 
cardiogram (in the oesophageal lead or in rare ventricular systoles) we 
see the wave connected with the end of the atrial systole analogous to 
wave T of the ventricular complex. 

Waves Q, R, S and T in the electrocardiogram are due to the rise and 
spread of the excitation over the muscles of the ventricles and are called 
the ventricular compler. Correspondingly the interval between the origin 
of waves P and Q (usually 0.09 to 0.12 sec.) is a precise index of the time 
that passes between the beginning of excitation of the atria and the 
ventricles, 


Wave Q of the ventricular complex of the cardiogram precedes the beginning of 
the ventricular contraction by about 0.02 sec. The difference in potentials which 
produces this wave already disappears by the time the atrioventricular valves close. 
Waves Q, R and S are, no doubt, duc to the fact that not all of the ventricular 
muscles are excited at the same time. Wave Q possibly corresponds to the beginning 
of excitation in the papillary muscles, wave R—to the excitation of the base of the 
ventricles and wave S—to the excitation of the apex of the heart. 


The absence of current in the interval between waves S and T is 
explained by the fact that at this period the excitation has already spread 
over the entire muscular mass of the ventricles and, therefore, there can 


be no difference in potentials between any two of its points. The nature 
of wave T is not quite clear as yet. This wave appears al. the end of ventri- 
cular systole. Jt is possible that wave T is an electric manifestation of the 
chemical reduction processes which take place in the ventricular muscles 
after their excitation ceases. A diminution of wave T (and especially its 
depression) testifies to pathological disorders of the cardiac function. 

An analysis of an electrocardiogram taken with different leads makes it possible. 
as V. Zelenin was the first to show, separately to judge about the processes of 
excitation in the left and the right ventricles. It has been found that a normal 
ventricular clectrocardiogram is a result of the interaction of the bio-currents which 
originate in the right and the left ventricles and run in opposite directions. In 
hypertrophy of the left ventricle the largest wave of the ventricular complex tn the 
cleelrocardiogram taken with the third lead Weft arm and left leg) points downward. 
while in hypertrophy of the right ventricle (same Sead) it poinis upward. 


CHAPTER 12 


ORIGIN AND PROPAGATION OF EXCITATION IN THE HEART. 
FORCE OF CARDIAC CONTRACTIONS 


Contraction of an Isolated Heart 


The heart is capable of contracting rhythmically for some time even 
after il has been removed from the body. Hence. the contractions of the 
heart muscle may be conditioned by processes occurring in the heart itself. 

If no special precautions are taken to safeguard the vital activity of the 
isolated heart the latter soon ceases to contract and dies because of an 
accumulation of products of intermediate metabolism which disturbs the 
enzyme systems and impairs the very fine structure of cardiac iissue. If 
a fluid. which carries away the products of metabolism formed in the 
heart, is perfused through the vessels of the isolated heart the vital activity 
of the isolated organ can be retained for a long time. The composition 
of the fluid, however, must approximate that of the blood plasma. Ringer's, 
Locke’s or Thyrode’s solutions are used for the hearts of the homoiotherms 
and Ringer's solution for the hearts of the poikilotherms (the composition 
cf these solutions is given on p. 52). Oxygenation of the solution makes 
possible a modicum of oxidation, while an addition of glucose provides the 
cells with casily oxidated nutritive material. By perfusing the Ringer-Locke 
solution heated to 38°C through the vessels of an isolated heart of a homo- 
iotherm it has been possible to retain its vital activity for 4 to 5 days. 

The general Jaws poverning the activity of excitable tissues are not infrequently 
studied on an isolated heart. It has been shown, Tor example, that the beart reacts 
to very slight variations in the composition of the fluid that bathes it. A slight 
change in the concentration of K’, Ca”, H' and OH’ sharply affects the activity of the 
heart. Because of this sensilivity of the heart to various agents the isolated heart is 
aften used to characterize the effect of a number of drugs on living tissues. It should 
be remembered, however, that in the whole organism the relationships discovered in 
the isolated heart change and are disguised by new relations which are character- 
istic only of the whole organism. 


Cardiac resuscitation. Professor A. Kulyabko periormed a remarkable 
experiment (1902) which demonstrated that the human heart removed 
from the body several hours after death could begin to beat again if the 
Ringer-Locke solution heated to 40°C or defibrinated blood was perfused 
through its vessels. 
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It lias been possible of late to restore in individual cases the function of the 
human heart which stopped because of a haemorrhage, electric shock, asphyxia and 
anaesthesia (V. Negovsky et al.). This hus been accomplished by pumping oxygenated 
warm (370C) blood at a pressure of 120 to 180mm, Hg into the proximal end of 
some easily accessible arlery (usually the femoral). This method brings the blond 
into the coronary vessels (vessels of the heart) and may lead to a restoration of the 
cardiac function (the injection of blood into the arteries simultancously raises the 
tone of the vessels). Restoration of the heart function is possible only if the heart 
itself is not diseased. 

Transplantation of the heart. Soviet investigators (N.Sinitsyn and V.Demikhov) 
recently succeeded in transplanting the heart of one animal into another animal of 
the same species. In his experiments on Amphibia Sinitsyn went so far as to have 
two hearts functioning in one frog—the frog's own and the transplanted heart, In 
mammals the transplanted heart “lived” only a few days. 


Automatism and the Conducting System of the Heart 


Automatism of the heart muscle. The excitability of tissucs under the 
influence of their own impulses is called automatism, 

We do not precisely know the nature or mechanism of the excitation 
originating in the heart itself. It is possible that an accumulation of carbon 
dioxide and carbonic acid and the resultant increase in the concentration 
of H-ions play a big part in the rhythmic excitation of the heart. A sup- 
position was recently made that the rhythmic contractions of the heart 
were caused by production of acetylcholine in it. 

The question has long been debated whether the automatism is to be ascribed to 
the muscular elements of the heart themselves (myogenic theory) or to the nervous 
elements (Merve cells and their processes) which are found in great numbers in the 
heart muscle and are particularly abundant among the elements of the conducting 
system described below (neurogenic theory). Al the present time we must consider 
this controversy somewhat. scholastic because in the heart, which is a single organ, 
alt its structures are most closely coordinated, Under artificial conditions, greatly 
differing from the normal, the muscular elements of the heart may contract rhythmi- 
cally without being influenced by impulses coming from the nervous structures. 
Thus, in the culture of muscle tissue grown outside the body it has been possible 
to observe rhythmic contractions of individual, isolated fibres of the heart. muscle. 
During embryonic development the heart-beats of the foctus begin when histol- 
ogieal examinations Hnd no nerve cells or their fibres in the heart as yel. These 
experiments warrant the conclusion that automatism is in some measure inherent 
in the very muscular elements of the heart (especially the muscular elements of the 
conducting system). 


The heart contains considerable accumulations of nerve cells known as 
the ganglia of Remak, Bidder, Ludwig and Dogiel. These ganglia receive 
nerve fibres from the brain. Thus, under normal conditions the nerve cells 
located in the thick of the heart muscle, chiefly in the region of the nodes 
of the conducting system, are under the influence of the central nervous 
system. 

Since the nervous elements are more excitable than the muscle elements 
we may take it that under normal conditions excitation originates primarily 
in the nervous structures of the heart. At any rate, the nervous influences 
on the muscle tissue by affecting its metabolism and, consequently, its 
excitability may change the conditions for the origin of impulses which 
produce contractions of the heart. The slowing down of the heart rate 
under the influence of foxglove, widely used clinically, is probably due not 
only to the effect of this substance on the heart through the vagus 
(Chapter 13), but also to its effect on the nervous elements of the heart 
itself. 


Conducting system of the heart. The heart is a complex organ whose 
musculature is represented by two different types of muscle elements: 
first, the elements of the muscular syncytium which make up almost the 
entire mass of the cardiac muscle; it is the muscle of the heart proper or 
the contracting myocardium; secondly, the heart has muscle fibres which 
are less striated and contain more sarcoplasm; these fibres belong to the 
so-called conducting system of the heart (sometimes designated as its 
specific musculature). The fibres of the conducting system have finer 
myofibrils and contain less glycogen than the fibres of the heart muscles 
proper. 

The conducting system of the heart differs from the rest of the cardiac 
musculature by its greater excitability and higher conductivity. Certain 
features in the activity of this conducting system, built of muscle fibres 
among which there are numerous 
nerve cells, closely resemble the 
more general functions of the ner- 
vous system, i.e.. especially high 
excitability with respect to some 
agents, and marked conductivity. 

The accumulations of elements 
of the conducting system are en- 
countered only at several points in 
the heart (Fig. 26). There is an ac- 
cumulation of muscle fibres of the 
conducting system in the wall of 
the right atrium just under the 
epicardium between the point 
where the superior vena cava 
enters the atrium and the append- 
age of the right atrium (its fibres 
run in the direction of the inferior 
vena cava and the appendage of 
the left atrium). It is an accumula- 
tion of insufficiently differentiated Fig. 26. Diagram of conducting system of 
muscle fibres abounding in sarco- y , rins es 
plasm and is called the sinu-atrial 3 runik ul Ming I and 3 Vee right. nnd belt 
node. The sinu-atrial node is homol-  branehes: G6 Terminal ramitiontions of branches 
ogous to the venous sinus of the of the bundle of His and Purkinje tires, 
lower vertebrates. 

The second accumulation of muscle fibres of the conducting system is 
located in the lower (i.c., closer to the ventricles) part of the atrial septum 
and partly passes through the ventricular septum into the ventricles. This 
accumulation is called the atrioventricular node. From this node a long 
and narrow muscular bundle, known as the bundle of His, runs down the 
ventricular septum. The bundle of His is a bridge between the atria and 
the ventricles. Everywhere clse the atria are separated from the ventricles 
by a fibrous septum. 

Penetrating into the ventricles in the septum which scparates one 
ventricle from the other the bundle of His breaks up into two branches 
one of which runs along the internal surface of the left ventricle and the 
other—along the internal surface of the right ventricle. Breaking up into 
many ramifications the branches of the bundle of His make contact with 
the so-called Purkinje fibres which are located immediately under the 
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endocardium of the ventricles and line nearly all of its internal surface. 
All these structures are also composed of muscle fibres belonging to the 
conducting system. 

Both the atrioventricular and the sinu-atrial nodes contain a large 
number of nerve cells which give off axons that closely contact the muscles 
of the conducting system. These nerve cells receive fibres from the vagus. 
Thus. the sinu-atrial and the atrioventricular nodes* are not purely muscu- 
lar, but neuromuscular structures. Jn certain pathological processes (for 
example. in a grave form of diphtheria) the morphological properties of the 
nerve cells of the sinu-atrial and the atrioventricular nodes undergo con- 
siderable changes (B. Lavrentyev). 

Conduction of impulses in the heart. The process of excitation which 
spreads over the entire heart muscle during each normal cardiac systole 
normally begins in the structures of its conducting system. This excitation 
may also originate in the complex of the nervous and muscular structures 
of the conducting system automatically, i.c., in the absence of special 
external stimuli. The automatism does not manifest itself equally in the 
different elements of the conducting sysiem. If we tie olf the region of the 
venous sinus from the atria in the frog the atria and the ventricle cease to 
contract, while the venous sinus continues its contractions. Some time 
after application of the ligature below the venous sinus the atria and the 
ventricle resume their rhythmic contractions. However, the rhythm of con- 
tractions of the atria and the ventricle is now slower than that of the 
venous sinus. If we apply another ligature a little below the septum be- 
tween the atria and the ventricle the latter stops while the atria continuc 
contracting (experiments by Stannius). The first ligature made the propa- 
gation of the excitation from the venous sinus to the atria impossible and. 
therefore, the atria and ventricle stopped; it follows that the musculature 
of the atria with their atrioventricular node is less excitable and possesses 
lesser automatism than the sinu-atrial node (the venous sinus in [rogs). 
The automatism of the atrioventricular node manifests itself some time 
after the separation of the venous sinus from the rest of the heart, but 
since this automatism is less pronounced than that of the sinu-atrial node 
the rhythm of the atrial and ventricular contractions turns out slower 
than normal. The second ligature separates the ventricle from the atrio- 
ventricular node and the ventricle stops. The automatism of the conducting 
system of the ventricle may manifest itself after a long pause and the 
ventricle will resume its contractions but at an even slower rate than 
those of the atria. 


The result of the experiment could be explained by the fact that the ligalure 
impairs the lower divisions of the heart and they temporarily lose all their excil- 
ability. This is disproved by the fact that electric or mechanical stimulation applied 
to the atria or the ventricle at the time of their stoppage after the Stannius ligature 
Produces contractions; it follows that the tissues have retained their irritability 
and only the normal stimuli to rhythmic activity have dropped out. 


A similar but chronical experiment was performed by Erlanger on 
homoiotherms. The bundle of His was crushed by a special clamp in dogs. 
In a number of cases the dogs survived the operation, but for the rest of 
their lives (up to one year) the rhythm of ventricular contractions con- 
stituted 25 to 40 per minute instead of the normal 90 to 100. This shows 


* In literature the sinu-atrial node is sometimes referred to as the Keith-Flack 
node and the atrioventricular as the node of Aschoff-Tawara. 
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that when the bundle of His is destroyed the ventricles contract under the 
influence of impulses originating below the point where it was crushed. 

The atrioventricular node or the bundle of His are sometimes affected 
in man as a resull of pathological processes or injury. This is attended by 
phenomena of heart block (see below) which also testify to the fact that 
excilation normally begins in the sinu-atrial node. 


The studies of the spread of clectroncgativity, which arises during excitation of 
the heart. also prove that the impulses of excitation take their origin in the sinu- 
atrial node. During each systole eleetronegativity originates primarily in the part of 
the right atrium which lies between the points of entrance of the superior and 
inferior venae cavec, ie. Where the sinu-atrial node is located. 


Thus, excitation which is responsible for the contraction of the heart. 
normally always begins in the sinu-atriai node: the latter is. as it were, 
the “pacemaker” of the heart. The rhythm of the contractions of the heart 
is subordinated to the rhythm at which impulses arise in the sinu-atrial 
node. Excitation is propagated from tihe sinu-atrial node to the 
atrial musculature and spreading over the latter at the rate of about 
one metre per second reaches the specilic musculature of the atrio- 
ventricular node. In this node the spread ol excitation is considerably 
slowed down and is transmitled to the bundle of His only 0.04 to 0.06 sec. 
after it has reached the atrioventricular node. Owing to this delay in the 
conduction of excitation through the atrioventricular node the systole of 
the ventricles normally alwavs bevins after the end of the atrial systole. 


The delay in the propagation of excitation from the atria to the ventricles is 
hardly due to a slower spread of the impulses over the tissue cf the atrioventricular 
pode, because when a single electrical stimulus is applied directly to this nocde the 
svOsponse contraction of the ventricles occurs almost as fast as when the stimulus is 
applied to the ventricular myocardium, At the same time. when a stimulus is applied 
to the atria the response contraction of the ventricles occurs after an interval 4 to 5 
limes as long as when it is applied to tue atrioventricular node. Udelnov believes 
that the atrioventricular delay is due to the same mechanism which explains the 
delay in the conduction of excitation {hough the synapses (p. 536). It is suppused 
that excitation in the alrioventricular node requires the development of a certain 
local negative potential in its almal part. This negative potential in the atrioven- 
tricular node arises under the influence of the summation of the bio-current potentials 
reaching the atrial part of the node from the muscular bundles of the atrium which 
are not quite simullancously excited. It takes time for the local negative poten- 
hha} to reach the degree at which the wave of excitation rises in the atrial portion 
of the node and spreads over the node (and is transmitted to the bundle of His and 
(hence throughout the ventricular myocardium); this time constitutes a considerable 
part of the period of the atrioventricular delay. 


From the atrioventricular node excitation spreads over the bundle of 
His and its branches with the velocity of approximately 0.75 (according 
to some data. even 3 to 4) metres per second rapidly reaching the Purkinje 
fibres which are. as it were. the termina] elements of the numerous ramifi- 
cations of the bundle of His. 


The Purkinje fibres not only form a network under the endocardium, but also 
pierce the ventricles and come in close contact with their musculature. This struc- 
ture ensures a rapid spread of excitation over the muscular mass of the ventricle 
which possesses so little automatism that it, apparently, cannot be practically cx- 
cited by itself. In A.Smirnov’s laboratory it was observed under a microscope that 
contraction of the Purkinje fibres involves a contraction of the fMlbres of the ven- 
tricular musculature proper with which they come in contact. If the heart works 
under abnormal conditions the excitalion does not pass from the Purkinje fibres to 
the fibres of the ventricular musculature proper; the former contract, while the 
latter remain immobile. 


Or 


It takes excitation approximately 0.02 sec. to spread over the entire ventricular 
muscle. This time, apparently, corvesponds to the interval between waves Q and R 
of the electrocardiogram. The interval between waves P and Q corresponds to the 
{ime it takes excitation Lo spread over the muscle of the atria and (mainly) to the 
time of the atrioventricular delay. This interval is normally 0.09 to 0.12 sec. 


Heart block. Sharp changes in the conductivity and excitability of the 
elements of the conducting system impcde the normal spread of excitation 
over the heart. The most essential changes in the relationship between the 
contractions of the atria and the ventricles occur in affections of the 
atrioventricular node or of the bundle of His. A prolongation of the 
atrioventricular delay is the first symptom of lowered conductivity of the 
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Tig. 27. Eleetrocardiogram of incomplete beart block, 
Top (aj ratio of amber af atrial gystoles te number of ventricular systole in 4: mide 
th) 2:3 and bottom (e) 3. 0 (somewhat sehematiaed), 


atrioventricular node. In this case the electrocardiogram shows a length- 
ened interval between wave P and the ventricular complex Q-T. This 
interval may increasc from 0.09 or 0.12 see. to 0.3 or 0.4 sec. With such 
lowered conductivity of the atrioventricular node each of its excitations 
causes a still greater drop in conductivity which affects the speed at which 
the next wave of excitation spreads over the atrioventricular node. 


Figure 30 shows that interval P-Q after the first (from the lef) contraction of 
the atria cquals 0.23 sec.. after the second contraction—0.33 sec. and after the third 
contraction—0.36 sec. The fourth contraction of the atria fails to produce any con- 
traction of the ventricles since the impulse from the atria reaches the atrioventri- 
cular node before the preceding impulse had passed through it. After such a “lapse” 
the conductivity of the atrioventricular node is restored since it has not been ex- 
cited for a long time (about one second). In a new series of impulses passing through 
the atrioventricular node the time intervals between the beginning of the atrial and 
ventricular systoles are 0.21, 0.32 and 0.39 sec.: these are again followed by a “lapse.” 
The ratio of the rhythm of the atrial contractions to that of the ventricles is 4:3 
(sometimes 3:2). 

If the conductivity of the atrioventricular node is more acutely impaired, the 
node, after letting the first impulse pass from the atria to the ventricles, is no long- 
er capable of conducting the following impulse. In such cases every other excita- 
tion will fade in the atrioventricular node. Sometimes only every third impulse 
arising in the sinu-atrial node of the atria is conducted from the atria to the ven- 
tricles, The ratio of the atrial rhythm to that of the ventricles is then 2:1 or 3:1 
(Fig. 27, b and c). 
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This lack of coincidence in the rhythm of the atrial and ventricular 
contractions which still retains a certain ratio in the rhythm of the atrial 
and ventricular activity is called a partial (incomplete) heart block. In the 
incomplete block the sinu-atrial node continues 10 be the pacemaker for 
the cardiac rhythm, but part of the impulses originating in this node 
cannot pass through the region of the atrioventricular block. 

If some link in the conducting system is totally broken down the 
impulses originating in the atria fail to reach the ventricles and a total heart 
block results. This is observed when the bundle of His is injured or alTected 
by a pathological process. In this case the automatism of the conducting 
system of the ventricles below the point of injury comes into play; this 
automatism is weaker than that of the sinu-atrial node. An idioventricular 
(“proper ventricular”) rhythm of ventricular contractions. always slower 
than the rhythm of atrial contractions, which are subordinated to the 
sinu-atrial node, develops. The farther from the atrial portion of the atrio- 
ventricular node the bundle of His is affected the lower the rate of ven- 
tricular contractions, 

If the impulses causing the contractions of the ventricles arise in the 
bundle of His, in the portions of the conducting system located lower, the 
rate of ventricular systoles may drop to 25 or 30 per minute. A complete 
lack of any correspondence between the rhythm of the ventricles and that 
of the atria is typical of a total heart block. 


Phenomena of heart block (partial or total) are casy to discern in man by means 
af electrocardiographi¢c studies which have become a clinical practice since the first 
decade of our century, 

As carly as the cighties of last century Pavlov described in detail the phenomena 
of heart block which he termed a “discord” in the activity of the atria and the ven- 
tricles. He observed this discord in experiments in which the heart was laid bare 
ky opening the chest; in these cases the heart. was in abnormal conditions which 
grew inereasingly worse towards the end of the experiment. Having found phenom- 
ena of “discord” between the atria and the ventricles Pavlov simultancously made 
an extraordinarily important discovery by establishing that stimulation of a certain 
nervous branch running to the heart, which he termed the intensifying nerve of 
the heart (p. 115), obviated this “discord.” 


Refractory Phase of the Heart, Extrasystole and Heart Block 


In nervous and muscular tissue every stimulation is followed by a period 
of total nonirritability. called the absolute refractory phase or by a period 
of lowered excitability which only gradually returns to normal—the 
relative refractory phase. 

The existence of the refractory phase is discovered when determining 
the minimal intensity of the stimulus capable of producing a second flash 
of excitation some time after the first. Even very strong stimulation (in 
the form of an induction discharge passed through the tissue) is incapable 
of producing a new impulse of excitation immediately after the first 
impulse; it follows that all this time the tissue is absolutely unexcitable 
(absolute refractory phase). Then excitability is gradually restored, though 
for some time it remains lower than normal: during this period of the 
relative refractory phase excitation may be produced only by applying 
a stronger stimulus than suffices to excite resting tissue. Following the 
relative refractory phase the tissue is for some time in a state of higher 
excitability. 
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The peculiarity of the refractory phase of the heart consists in the fact 
thal here it lasts tenths of a second, whereas in skeletal muscles and in 
nerves its duration is measured by thousandths of a second (this is why the 
refractory phase was discovered in the heart first). 

The refractory phase is easy to 
observe in the heart by stimulating 
the latter with induction current 
at different. periods after the begin- 
ning of a systole. Fig. 28 shows a 
record of such an experiment. per- 
formed by E. Marey (1863) who dis- 
covered the refractory phase of the 
heart. We sec that no stimuli, how- 
ever strong, produce any additional 
contraction of the heart (absolute 
refractory phase). At the end of 
the systolic period excitability is 
beginning to be restored. This is 
apparent from the fact that a 
strong stimulus applied at this 
time (relative refractory phase) 
produces an additional contraction 
or the so-called extrasystole (the 
stimulus must be strong because 
the excitability at this time is low- 
ered). Moreover, the additional 
contraction begins at the time the 
heart has already partly relaxed. 

The refractory phase in each 
cardiac contraction is essential. 
The heart can perform its function 
of a pump, which drives the blood 
into the arterial system, only be- 
cause its rhythmic contractions 
alternate with relaxations during 
which the heart is filled with 
blood. The refractory phase en- 
sures the intermittence of excita- 





Fig. 28. Record of heart. contractions m the 
frog showing refractory phase during cach 
contraction (after Marey). 
kho eaeh of above cight curves of heart contractions 
ni momenti marked by rine (2) of hovizeatal tine 
ilme of marker) surfaec of ventricle was stimulated 
by amgle hoeka of induction current. Iu curves Z. 
II mwl JAF this atimulntion does not produce nn 
additional, irregular contraction: Irom beginning of 
ventricular aystob: (vertical line 0-6) to rise of Nne 
of marker in curves 2-277 the heart is inexeitable 
(refractory phase). In eurves JU, F, VA and VH owe 


trie stimulation produces an additional contraction; 
latent. period of this contraccion, Le. period between 
application of atimulus nnd additional contruction 
(ace shaded areas) decronses as interval between addi- 
tional stimulation and beginning af preceding ayatole 
grows longer. Curve VEE shows considerable exvitabi- 


tion, while the duration of this re- 
fractory phase in the heart makes 
impossible the blending or fusing 
of its separate contractions into onc 


continuous, tetanic contraction. 

The duration of the cardiac re- 
fractory phase depends on the con- 
dilion of the heart which is in large measure determined by the influences of 
the nervous system. All the phenomena connected with the duration of 
the refractory phase (for example, heart block [see above], fibrillation 
of the heart [see page 105]), therefore, largely depend on the influences of 
the nervous system on the heart. 

Extrasystoles. Premature stimuli acting at the end of the refractory 
phase lead to premature systoles designated as extrasystoles. Thesc 
stimuli may arise in the various portions of the conducting system of the 


lity of preparation, latent period m very short. “Com. 
penmatory phage” iailea well ween in curve IV-VI. 
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heart. If a premature stimulus arises in the sinu-atrial node it leads to a 
premature cardiac cycle which occurs in the regular sequence of atrial 
and ventricular contractions. This sinu-atrial extrasystole is notable for 
the fact that the pause following this premature contraction of the heart is 
shorter than the pause between the usual contractions. 


The extrasystole is frequently conditioned by an impulse originating in the atrio- 
ventricular rather than in the sinu-atrial node. From here the excitation may be 
propagated in both directions, producing a simultaneous contraction of the atria 
and the ventricles, or only through the bundle of His. In the latter case the extra- 
systole affects only the ventricles. If the regular systole of the atria coincides in 
time with the extrasystole of the ventricles the atrioventricular valves happen to 
be closed during the atrial systole. In this case the blood cannot Now from the atria 
into the ventricles and is forced into the veins as a result of which the venous flow 
to the heart temporarily ceases. If such occlusion of the atria repeats often circu- 
lation may be seriously impaired. 


The ventricular extrasystole is followed by a prolonged pause before the 
next (regular) ventricular systole. This prolonged pause, called the com- 
pensatory pause, is due to the fact that the extrasystole, like the normal 
systole, leaves behind a refractory phase during which the impulse arising 
in the pacemaker at the regular flash of excitation cannot produce a 
ventricular systole. The ventricular systole which should occur because 
of the normal rhythm of the pacemaker, is extinguished by the refractory 
phase left by the extrasystole of the ventricles (sec Fig. 28). 


Cardiac Fibrillation and Flutter 


Normally the entire musculature of the ventricles, like that of the atria, 
contracts simultaneously. Sometimes, however, in a pathologically changed 
heart the various muscle fibres of the atria or ventricles do not con- 
tract. at the same time. Such individual contractions of the atrial or 
ventricular muscle fibres are called fibrillation. 

If we produce ventricular fibrillation in an animal simply by subjecting 
it to intermittent electric current, the rhythmic heart-beats cease. The 
surface of the ventricles gives the impression of quivering and resembles 
ripples on the surface of water; the muscle fibres contract separately, in- 
dividually. The fibrillar contractions cannot. develop in the cavities of the 
section of the heart they affect (atria or ventricles) the pressure required 
to drive out the blood. 

In fibrillations (and the more so in flutter) of the atria the electrocardio- 
gram does not show the separate P waves, which precede the ventricular 
complex; it shows only incessant vibrations of the galvanometer string 
which testify to the chaotic and excessively frequent rise of excitation in 
different portions of the atrium. 

The atrioventricular node and the bundle of His do not pass to the 
ventricles the large number of impulses that arise in the atria during their 
fibrillation. Under the influence of these frequent. impulses the atrio- 
ventricular node is not excited rhythmically but at unequal intervals due, 
it must be assumed, to the varying durations of its refractory phase. A 
changeable rhythm of ventricular contractions is, therefore, observed in 
atrial fibrillation. 

Atrial fibrillation and flutter not infrequently accompany a number of 
heart diseases and are not in themselves dangerous to life since the rhyth- 
mic contractions of the ventricles alone are enough to ensure circulation. 
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The mechanism of the origin of fibritations and flutter of the atria and ven- 
tricles is not clear. A shortening of the refractory phase and the presence of some 
constant source of stimulation form the condition for the occurrence of fibrillations 
and flutter. The significance of the shorlened refractory phase is confirmed by the 
possibility of eliminating the atrial Mutter by pharmacological means which prolong 
the refractory phase of the heart. The role of “overstimulation” of the atrial muscle 
in flutter is testified to by the fact that the flutter is most frequently observed in 
mitral stenosis when the thin walls of the atria are distended by blood. A marked 
drop in body temperature (hypothermia) predisposes to enrdiac  fibrillations. 
Ventricular fibrillation is identical in its effect to a cardiace arrest and is 
always fatal il not discontinued by medical treatment. Cardiae fibrillation is re- 
sponsible for a number of cases of so-called cardiac deaths and death resulting 
from myocardial infarction and electric shock, Fibrillation is also a dangerous com- 
plication in major operations, especially in cardiac operations. Fibrillation is some- 
limes stopped by direct massage of the heart. exposed during the operation, or by 
an injection of 2 to 5 ml. of a one per cent solution of potassium chloride or adren- 
alin. Thesc measures may also aid in stopping Abrillation by other methods: pass- 
ing through the heart (best through electrodes applied directly to the surface of 
the ventricles) one or several strong discharges of condensers (With a capacity of 
about 0.1 microfarads) charged with a current of several thousand volts (the forec 
of the current passing through the heart must equal approximately 2 amperes). One 
or a few of these discharges (unlike allernating current which causes fibrillation) fre- 
quently (though regrettably not always) restores the normal rhythmic contractions of the 
heart. Though the mechanism of the action of the condenser discharge on fibrila- 
lion is not clear (inasmuch as the mechanism of their origin is nol clear) this meas- 
ure has made it possible to bring a number of people out of the state that 
threatened their life. 


Correlation Between the Force of Stimulation and the Force 
of Contraction of the Heart 


If we stimulate the frog's heart (stopped by means of Stannius’ ligature) 
by induction shocks of different force we can sec that the strength of 
contraction of the heart muscle is quite constant and does not depend 
on the force of the stimulation. We observe the same if we compare the 
height of the extrasystole produced by a single electric stimulation 
applied to the heart after the refractory phase (see Fig. 28). Subthreshold 
stimulation does not. produce any contraction, but, after it has reached 
threshold intensity, no further increase in stimulation augments the force 
of the cardiac contraction. In other words, the force of the contractions 
of the heart does not depend in these experiments on the intensity of its 
artificial stimulation and cannot be increased by increasing the latter. This 
docs not mean, however, that the force with which the heart contracts 
is always constant. We can only say that the force of cardiac contrac- 
tion depends but. little on the force of its stimulation and varies. as we 
shall see, with the condition of the heart muscle which constantly 
changes depending on all the conditions of cardiac activity. 


Effect of the Initial Length of the Muscle Fibre on the Force 
of Its Contraction 


The more the fibres of the heart are stretched before a contraction the 
greater, usually, the force of contraction of the heart muscle. This phenom- 
cenon is sometimes even referred to as the “law of the heart” (Starling), 
which is incorrect because it represents only a particular relationship and 
does not determine the entire activity of the heart; it holds true only 
under certain conditions (this relationship with similar limitations also 
holds true of the fibres of the smooth and the skelctal muscles). 
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Muscle fibres are extensible and elastic.* It is easy to see that the muscles 
(skelctal, smooth and cardiac) are extensible by measuring the length of 
a muscle supporting various loads. The heavier the load supported by a 
muscle the morc it 
stretches. The ex- 
tensibility and ela- 
sticity of a muscle 
are variable values, 
however, depending 
on the condition of 
a muscle (for ex- 
ample, the extensi- 
bility of a muscle 
decreases during ex- 


T 


citation). 
The amount of 
blood filling the cav- 


ities of the heart is 
the physiological 
load which stretches 
the fibres of the 
heart muscle. The 
more blood accumu- 
lates in the heart 
during diastole, the 
more the cardiac 
muscle fibres stretch 
and the more vigor- 
ously they contract 
during the following 
systole. Figure 29 
shows the result of Fig, 29. Effect of heart distention on foree of its contractions. 





an experiment in eardiopulmonary preparation. Upper curve represent 
which the flow of ontractiona at different (4, B. C) pressures in ven 
b its of curve correspond to volume of heart by end ¢ 

lood to the heart was oins by end of ayatole, Diatance between upper an 
sharply increased curve of heart. contractions (range) corresponds to vo 
b e Il tog With higher preasure in vena cava (lower curve) voi 

y a sma rise ven into aorta increases and with fall in prowure in ven. 
in venous pressure, enva it deereases (alter Starling). 


We see that as soon 

as venous pressure rose the amount of blood forced out of the heart during 
systole increased. Owing to this a correspondence between the blood flow 
to and from the heart is quickly cstablished. 

It is impossible precisely to determine the cxtent of diastolic filling of 
the heart in man. A roentgenographic study of the diameter of the heart 
shows its distention. If the diameter has increased in a very short time 
it has, obviously, been caused by an increase in the diastolic filling of the 
heart. This does not make it possible, however, to obtain a quantitative 
characteristic of the distention of the heart. The relationship between the 
distention of the heart during diastole and the amount of blood forced out 


* Extensibility implies the ability of a body to stretch, while elasticity means 
its ability to return to the initial length after the action of the stretching force is 
discontinued. 
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during the following systole has, therefore. been studied mainly on isolated 
hearts of homoiotherms by using the so-called cardiopulmonary prepara- 
tion first proposed by I. Pavlov and N. Chistovich and later somewhat 
modified by Starling. 

The heert in the cardiopulmonary ‘preparation is usually not extracted from the 


thoracic cavity and is nourished by the blood which flows from a reservoir coancetedd 
with the venae cavae by tubes. The contractions of the right heart drive the biocd 






% 
10 144 
Normul 
Cocaine 1/10000 
_IN_ 0 
100 ae 


I 
E Y5000 
82 taine 1000 

















1 2 3 4 5 6 7? 8 93 Wem 


Fi. 30, Beer of rise im venous pressure (figures under abscissa) on 
vormal systole volume (eontinuons heavy lioc) and after addition of 
novocin or coeaine do Ringers solution perfused through vessels of the 
frog's heart. 
Fises under curves and on ordinate show aystolie vole ad hogh venons presare af 
liquid in per eem to valiv of systolic volume taken at TOD during perfusion with Ringes 
solution flow ings into veins at prosore correaponding to tem, H0O. 


into the pulmonary artery (the pulmonary circuit, is retained): in the lungs the blood 
is oxygenated and giving off its carbon dioxide flows into the heart as usual through 
the pulmonary veins, All the branches of the aorta, except the innominule artery, 
are tied off while from the innominate artery the blood flows through a system of 
tubes into the aforesaid artificial) venous reservoir, Special contrivances make it 
possible to change: 1) the pressure in the venous reservoir which determines the 
amount of blood Mowing to the heart and 2) the pressure in the aorta (or, to be 
exact, in the system of tubes connected with the innominate artery). By placing the 
heart in a closed capsule it is also possible to estimate its volume precisely. The 
amount of blood flowing to and from the heart is also taken into consideration. 


The experiments with the cardiopulmonary preparation have shown 
that, for example, at a 2 mm. Hg pressure in the vena cava the heart of 
the dog weighing 56 gr. drove 4 ml. of blood into the aorta al each systole, 
But if the pressure in the vena cava rose to 9 mm.Hg, which sharply 
increased ihe flow of blood to the heart and, consequently. stretched its 
fibres accordingly, cach systole drove 12 ml. of blood, instead of 4, into 
the aorta. 
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Work clone under the supervision of the author has shown (see Fig, 30) that afler 
pertusing Ringers solution with an addition of novecain through the isolated frog's 
heart, no inerease in the systolie emptying of the heart in response to a rise in the 
venous pressure is observed, At the same time novosain does not impede the in- 
crease in the contractions of the heart in response to an injection of adrenalin. The 
latter fact denotes that novocain does not paralyze the heart muscle itself. I is, 
therefore, natural to regard the reaction to stretching as a reaction involving the 
nervous structures of the heart. 


With the same increase in the diastolic filling, i.e., the same distention, 
the increase in the contractions of the heart varies with its functional 
state which is determined by the sum total of reflex influences regulating 
cardiac function (see Chapter 13). 

A strong heart can respond by a considerable increase in contraction 
even toa ‘slighi distention, whereas a weak heart can increase the force 
of its contraction but little even in response 
to considerable distention. From the point of mtg 
view of Starling's thesis this in a certain a, 
measure explains why a trained athicic can do 
a good deal of physical work with a much 24? 
lesser increase in the pulse rate than an pya 
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untrained person. In a person with a weak- in The auria 

cned heart muscle the heart is distended even e! 

al rest because only in this state can it drive psg l 
sufficient amounts of blood into the arteries. I 
In muscular work the venous flow increases, %ê | 
the heart is distended even more but the force go / 
of its contractions increases only slightly. In Pressure / 
this case the heart drives more blood into the 60 in Th ftrt / 
arteries mainly by increasing the rate of its 3g id 
contractions. i 2-1" 


, Stretching of the heart. fibres leads to an O 2 30 40 30 & nil 
increase in their subsequent contraction only Amount of blovd in the ear! by 
when they are stretched lo a certain mean the end af the aastate 
degree. If the fibres are stretched beyond a pip. 31, Curve showing value of 
cerlain limit, which varies with the dilferent pressure ie aorta by end of sys 
functional states of the heart. the force of the tole (solid tine) compared with 
subsequent contraction does not increase but, H w Pa aiaeel henri sivi- 
ee: ies bhy end af its diastole (dot. 
on the contrary, weakens (Fig. 31). ted line). As heart. dintends pres- 
lt should be emphasized that. nervous in- sure in aorta, developed during 
fluences (see below) determine the conditions contraction of heart, rises nnd 
for stretching the fibres of the heart muscle '!"™ eee ee 
because they regulate the heart rate and È TAa Na 
thus condition the duration of the diastole and 
influence the distensibility of the heart. Furthermore, by changing all the 
properties of the heart the nervous influences also determine the nature 
of the reaction of the heart muscle to the stretching of its fibres (this has 
found full experimental confirmation in the recent investigations of 
L. Katz). Therefore. though the extent to which the heart fibres are 
stretched undoubtedly affects the force of their contraction, the intensity 
and nature of this influence depend on the functional state of the heart, 
which state is conditioned by the influences exerted on the heart by the 
whole body through and by the nervous system 
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CHAPTER 13 
REGULATION OF CARDIAC ACTIVITY 
Its Significance and Mechanism 


The circulation varies with every change in the body’s environment 
and with the activity of its organs. The physiological processes determ- 
ining these circulatory variations bear the common name of circulatory 
regulation. 

Under normal conditions circulatory regulation is always a complex- 
reflex acl in response to definite changes in the external environment and 
in the body itself, the activity of the heart usually altering simultaneously 
with the changes occurring in the state of the blood vessels. 

Normally the regulation of cardiac activity ensures a correspondence 
between the amount of blood pumped into the vascular system per unit 
of time and the level of total metabolism which depends on the nature 
and intensity of the activity of the body's various organs and systems. 

The enormous significance of the regulation of cardiac [unction is evident 
from the fact that, depending on the body's activity, the amount of blood 
pumped by the heart into the aorta per minute increases from 4 to 6 litres 
at complete rest to 20 to 35 litres during vigorous muscular work. This is 
caused by the increase in the volume of blood from 40 to 70 ml. to 100 to 
180 ml. pumped into the aorta during each systole and to the change in the 
heart rate from 60 to 70 beats per minute to 180 to 240. 

Regulation of cardiac activity is based on the reflex mechanism described 
on p. 41 and involves the efferent nerve fibres which innervate the heart 
and transmit to it the impulses reflexly arising in the nervous centres in 
response to stimulation of receptors. The study of the regulation of cardiac 
activity requires, first of all, knowledge of the nature of the influence 
exerted on the heart by the excitation of the different efferent nerve fibres 
which innervate it. 


Morphology of the Efferent Cardiac Nerves 


The heart receives endings of parasympathetic and sympathetic nerve 
fibres (Fig. 32). These nerve fibres belong 1o the vegetative nervous system 
which is characterized by the following morphological features: the axon 
of the nerve cell which is located in the central nervous system does not. 
reach the cells of the innervated organs, but ends near the nerve cells of 
some particular ganglion of the vegetative system; this is why it is called 
a preganglionic fibre. The axons of the nerve cells of the ganglion which 
directly contact the cells of the innervated organ are called postganglionic 
fibres. 

After leaving the medulla oblongata the parasympathetic fibres of the 
vagus, which innervate the heart, travel in the common trunk of this nerve 
running alongside the trachea in the neck. Sympathetic nerve fibres also 
enter this nerve on various levels. As the vagus enters the thoracic cavity 
it branches off into (see Fig. 35) the superior, middle and inferior cardiac 
nerves in which the preganglionic fibres of the vagus are often mixed 
with the postganglionic sympathetic fibres. Upon entering the heart the 
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parasympathetic fibres terminate near nerve cells which form a number 
of clusters (nervous nuclei of Dogicl. Remak, Bidder and Ludwig). The 
main mass of these cells is located in the sinu-atrial and the atrioven- 
tricular nodes of the conducting system of the heart (p. 99) while the 
relatively short axons of 
these nerve cells of the Cerebral corlex 
heart directly contact its oN 
musculature—the fibres of 
the specific musculature of 
the conducting system and 
probably the fibres of the 
cardiac muscle proper. The 
nerve fibres entering the 
heart run mainly along the 
atrial septum and form 
the intracardiac plexus. 
The preganglionic sym- 
pathetic nerve fibres of the 
heart (sec Fig. 32) are 
axons of nerve cells lo- 
cated in the prey matter 
of the lateral horns of 
three thoracic segments of 
the spinal cord. Upon leav- 
ing the spinal cord with 
the three upper thoracic 
ventral roots they enter 
the sympathetic chain and 
terminate mostly near the 
cells of the upper thoracic 
sympathetic ganglion 
called the stellate ganglion 
(gangi. stellatum). The ax- 
ons of the cells of the gan- 
glion, i.c., the postganglion- 
ic sympathetic fibres (as 
well as some preganglionic 
fibres which run uninter- 
rupted through the stellate : 
ganglion and terminate Fig. 32. Diagram of cardine innervation. 
near the cells of the cer- Jo nueteus of cardiac fibres of vagus in medulla oblongata: 
vical node) travel with the TH Thy caegTEnt a of spinal cord coutaining cells which pive ot 
two neural branches which o maei wt Bes Oy pam dle ata rae 
surround the subclavian of vague and svingathetio nerves: dotted fine -postganglionie 
artery and form the so- libres of VAUN in heart; broken dines postzanglivnie sympn 
r thetic libecs running to bean. Arrows show influenee of errebral 
called loop of Vieussens — umex relayed through hypothalamus to nueler of vagus and of 
(ansa Vieussenii). After symipat betie carding nerve fibres. 
passing through this loop 
the postganglionic sympathetic fibres enter the rami of the cardiac 
nerves frequently mixing with the fibres of the vagus. Upon entering the 
heart the postganglionic sympathetic fibres terminate near the fibres of 
the muscular syncytium of the hear! with the sympathetic fibres also ter- 
minaling in the ventricular muscle. 
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The aggregate of nerve cells in the medulla oblongata, whose axons 
form the fibres of the vagus which innervate the heart, are often referred 
to as the centre or the nucleus of the cardiac fibres of the vagus; the nerve 
cells forming the preganglionic sympathetic fibres which innervate the 
heart are called the centres or nuclei of the cardiac sympathetic fibres. 


Effect of Vagal Stimulation on the Heart 


Inhibiting influence of the vagus on the heart. In 1845, the Weber 
Brothers found that a sufficiently strong stimulation of the vagus stopped 
the heart, while a weaker stimulation of the same nerve reduced the heart 
rate. This was the first case of inhibition discovered in physiology. 





Fig. 33. Effect of stimulation of distal portion of vagus on cardiac activity in the dog. 


Cardiae activity in measured by changes in blood preatire rocorded by morcury manometer (curve J) 
and by readings ofapring manometer (curve J). Stimulation of vagus with coila 120 mm. apart is registered 
on line 4, 


Fig. 33 shows the effect of vagal stimulation on the dog’s heart. To avoid 
opening the chest the heart-beats in this experiment were recorded by 
recording the blood pressure which reflects the changes in the work of the 
heart since a stoppage of the heart or a decrease in the heart rate infallibly 
produce a drop in blood pressure. In Fig. 33 we see that the curve of the 
record of blood pressure sharply drops as soon as the vagus is stimulated, 


112 


while the pulse waves corresponding to each contraction of the heart 
become very rare. Fig. 34 shows the same effect of vagal stimulation on the 
frog’s heart. 

Outwardly the inhibition appears to be a return to rest since at this time 
the function of an organ either weakens or ceases. But while an organ is at 
rest because it is not stimulated (since nothing conditions its excitation) a 
state of inhibition, on the contrary, results only from stimulation which 
suppresses the effect of excitation. To bring an organ out of its state of rest 
requires some sort of a stimulus; to bring an organ out of its state of inhi- 
bition requires, on the contrary, a cessation of the action of the stimulus 
which produced the inhibition. Consequently, the process of inhibition 
cannot be regarded as a return of the organ to a state of rest. Inhibition is 
an active process which suppresses the organ’s functions. 

The heart is inhibited through excitation of the vagus. When we artificially 
stimulate the vagus we produce in its fibres, especially in the fibres 
running to the heart, a process (impulses) of excitation. This excitation of 
ihe cardiac fibres of the vagus does not differ from the excitation of any 
other nerve fibres, for example, the motor fibres which transmit the exci- 
tation to a skeletal muscle. However, excitation of the vagus inhibits the 
activity of the heart. 


The vagal fibres running to the heart are preganglionic fibres. The impulses prop- 
agated along the fibres of the vagus are transmitted to the heart muscle through 
the eells of the nervous ganglia located in the heart. We can easily demonstrate 
this by using nicotine which paralyzes the transmission of cxcitation from the pre- 
ganglionic fibres of the vegetative nervous system to its postganglionic fibres. If we 
paint the heart with a solution of nicotine, after a short phase of slower heart rate 
(duc to the initial exciling effect of this poison on the ganglionic cells) stimulation 
of the vagus will not inhibit the heart. But if we follow this by stimulating the 
heart with a weak electric current we shall produce a typical vagal elfect—the heart 
will stop because the electrice current will now act directly on the postganglionic fibres 
running in the cardiac muscle. It may be assumed, however, that the electric stimula- 
lion inhibits the heart by acting directly on its muscle. To verify this the heart is 
puinted with a solution of atropine, a poison which paralyzes the transmission of 
excitation from the endings of the postganglionic Abres to the organ. If we stimulate 
the heart with electrice current after this there is no inhibition. It follows that nicotine 
made the transmission of excitation from the preganglionic fibres to the postganglionic 
impossible, whereas atropine was responsible for the impossibility of transmitting the 
excitation [rom the endings of the postganglionic Abres to the effector. 


Chronotropic and inotropic action of the vagus on the heart. The inhibit- 
ing action of the fibres of the vagus on the heart is characterized by a 
reduced heart rate and a reduction in its contractile force. The influences 
on the rhythm of cardiac contractions are called chronotropic influences 
(from the Greek word “chronos’’—time), with the influences slowing down 
the heart rate designated as negatively chronotropic, while the influences 
accelerating the heart are referred to as positively chronotropic. The in- 
fluences on the force of the contractions are termed inotropic influences 
(from the Greek word “inos”—force); the positively inotropic influences 
increase the force of contractions and those that weaken it are negatively 
inotropic. The effect of the excitation of the vagus—the change in the heart 
rate and in the force of the heart-beais—can be in a certain measure divided, 
as it was for the first time demonstrated by I. Pavlov in 1882. 

Only the summary result of the action of the vagi on the heart was 
known before Pavlov, and the attention was mainly focussed on the cardiac 
arrest and the slowing down of the heart rate when these nerves were stim- 
ulated. By stimulating various fine nervous branches separated in the 
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cardiac plexus Pavlov found branches of the vagus whose stimulation pro- 
duced only a weakening of the heart-beats without reducing the heart rate.* 


The postganglionic Abres of the vagus terminate in the sinu-atrial and the atrio- 
ventricular nodes and in the atrial muscle. According to a number of morphologists 
the ventricular muscle has no parasympathetic nerve fibres and the weakening 
or cessation of the ventricular systoles during stimulation of the cardiac Abres of 
the vagus are, therefore, due cither to a suppression of the impulses arising in the 
sinu-atrial node, the normal “pacemaker” of the cardiac rhythm, or to the suppres- 
sion of the conduction of the impulses through the atrioventricular node. After cul- 
ting the bundle of His stimulation of the vagi usually no longer stops or slows down 
the ventricular contractions. 

The right vagus is connected chiefly (through the nerve cells of Remak’s ganglion) 
with the sinu-atrial node and the atrial muscle. Its stimulation, therefore, leads 
mainly to a slowing down of the heart rate. The left vagus gives off more branches 
1o the atrioventricular node; its excitation depresses the conductivity of this node, 
stopping the heart or decreasing the force of the heart-beats. D. Polumordvinov 
demonstrated (1909) that stimulation of the 
trunk of the vagus in the frog resulted 
in a pure negative chronotropic effect, while 
stimulation of the branches of the intracardiac 
plexus led to a weakening of the cardiac con- 
tractions (Fig. 34). 

It was recently discovered (T. Turpayev) that 
the poisons which blocked the sulfhydryl] groups 
Cees (for example, sublimate) removed the negative 
amie ae tee, inotropic effect of the stimulation of the vagus 

me on the frog's heart without climinating the 
influence of this stimulation on the heart rate. 
This indicates that there are differences in the 
chemical dynamics of the processes involved in 
exerting the influences of the vagus on the 
various aspects of cardiac activity. 





Fig. 34. Effect of stimulation of va- 
gus (upper record) and of nerves of 
deep internal nervous plexus of heart 
(lower record) on contraction of the 
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o a eerie ; yey the vagus. The vagus also affects the excitability 
linv. Time intorvala:-- 1 accond (after T). Po- of the heart by exerting a bathmotropic influence, 
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peste and the velocity of the spread of excitation over the 


heart, i.c., conduction, by dromotropic influences. 
To produce by means of electric current a contraction of the heart inhibited by 
excitation of the vagus requires a higher current tension than is needed to produce 
an extrasystole of a normally contracting heart; in this case cxcitation is provoked 
by the action of a strong current on the heart muscle over a shorter period of time. 
The chronaxia of the heart (Chapter 49) inhibited by cxcitation-of the vagus is, thus, 
shortened. During excitation of the vagus the refractory phase of the heart also 
shortens, while the speed at which excitation spreads over the heart increases reveal- 
ing a positive dromotropic effect of the vagus which, incidentally, is not acknowledged 
by all investigators. However, the question of bathmotropic and dromotropic in- 
fluences of the vagi on the heart has been studied less than that of the chronotropic 
and inotropic influences. 


Ventricular escape. If the vagus is strongly stimulated for a relatively 
long time the ventricles of the heart which stopped in the beginning start 
contracting again, though at a slower rate. It follows that despite the con- 
tinuing stimulation of the vagus the ventricles partly free themselves from 
its inhibiting influence. This weakening of the inhibiting vagal influence 

* The work of 1. Pavlov in ascertaining the cifect produced on the heart by the 
stimulation of various nervous branches of the cardiac plexus is in itself a model of 
very fine analytical] investigation; however, Pavlov undertook this work in order to 
study so integral a process as the maintenance of a constant value of arterial blood 
pressure. Pavlov observed that “... frequently a very substantial slowing down (of 
the heart rate) is not accompanied by any drop (in blood pressure) und vice versa.” 
(I. Pavlov, Complete Works, Vol. I, p. 364; the words in parentheses arc ours.) The 
analysis of these facts led to the discovery of new efferent nerves of the heart which 
control the force of its contractions and, thus, sharply affect the blood pressure. 
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on the heart during the invariable stimulation of the latter is designated as 
escape of the heart from the influence of the vagal impulses. 

The weakening of the inhibiting effect produced on the heart by excita- 
tion of the vagus during its prolonged stimulation considerably reduces, and 
perhaps excludes, the possibility of an irreversible arrest of the heart dur- 
ing reflex excitation of the vagus. The mechanism of the phenomena of 
escape is not clear as yet. An essential part is, apparently, played by the 
fact that excitation of the vagus often renders the heart more sensitive to 
the influences (see below) transmitted to it along the sympathetic nerve 
fibres which intensify the activity of the ventricles. No escape phenomena 
have been discovered in the atria. 


Influence Exerted on the Heart by Stimulation of Its Sympathetic 
Nerve Fibres 


The sympathetic nerve cells exert an influence on the heart outwardly 
antagonistic to that of the vagus; stimulation of the sympathetic fibres accel- 
erates the heart and makes it beat more 
forcefully. It follows that the impulses 
running to the heart along the sympathet- 
ic fibres usually act on the heart positive- 
ly chronotropically and positively ino- 
tropically. 

Pavlov's investigations (1882-87) ana- 
lysing the influences of the different nerv- 
ous branches of the cardiac plexus 
(Fig. 35) revealed two types of fibres ex- ` 
erting positive influences on the heart; 
stimulation of some leads only to an accel- 
eration of the heart and a shortening of 
the cardiac pause without affecting the 
force of the ventricular contractions; 
stimulation of others does not alter the 
heart rate but makes the heart beat much 
more forcefully and shortens each systole; 
stimulation of these accelerator fibres pro- 
longs the cardiac pause by shortening the 
systole. Pavlov, thus, established the 
“,.. existence of special efferent nerves 
which increase the work of the heart 
and which, therefore, quite deserve the 





name of intensifying nerves.” * 
Stimulation of the accelerator branches 
does not increase the pressure under which 
the blood is driven into the arteries (blood 
pressure). Stimulation of the reinforcing 
nerve sharply increases the force of ven- 
tricular contractions and, as a rule, leads 
to a rise in blood pressure (Fig. 36). If the 


Fig. 35. Diagram of carding nerver 
(alter 1. Pavlov). 
-trunk of vagus (it also containg avin 
pathetic fibres); 2-5 branches of cardiac 
nerves; $- stellate ganglion and §— inferior 
cervical sympathetic ganglion: 7-- branche: 
of loop of Vioussena (Vieusseng’ anen); 9---re 
current branch of laryngeal nervo. 


accelerator nerve fibres alone are stimulated the heart cannot long contract 
in the rhythm forced on it by the stimulation of the accelerator fibres. A 


* I. Paviov, Complete Works, Vol. I, p. 416. 
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lack of harmony in the function of the atria and the ventricles soon mani- 
fests itself—the former maintain a rapid rhythm, while the ventricles 
contract once for every two (or three) contractions of the atria (partial 
heart block). If the intensifying branch is now stimulated in addition to the 
accelerator fibres the rhythm of the ventricles adapts itself to the acceler- 
ated rhythm of the atria and the phenomena of disharmony (block) are 
eliminated. A similar elimination of the block by stimulation of the in- 
tensifying nerve is observed if the heart block results from keeping the 
heart for a long time under abnormal conditions created, for example, by 
opening an animal’s thorax in an acute experiment; in Pavlov’s experiments 
the heart worked under these conditions without stimulation of the in- 
tensifying nerves for no more than 30 to 45 minutes; with the stimulation of 


Fig. 36. Effect of stimulation of accelerator nerve on contractions of the dog's heart. 


Vertical linus mark stimulation of branch of cardiac ploxua containing fibres of wecclorator nerve 
(ufter T. Pavlov). 


the intensifying nerve repeated periodically the heart retained its efficiency 
for hours under the same conditions. In addition, stimulation of the in- 
tensifying nerve augmented the force of the ventricular systoles to such an 
extent that the volume of blood driven into the aorta during each systole 
increased four- to sixfold compared with the volume of the blood pumped 
by the tired heart before the stimulation of the intensifying nerve (according 
to Pavlov the intensifying nerve produces a weaker effect on the “fresh” 


heart). 


According to Pavlov the nerve fibres which accelerate and intensify the heart- 
beats must be referred to the sympathetic nerves (stimulation of the vagal trunk 
in the neck produced the effect of stimulation of the intensifying nerve only once 
or twice in hundreds of his experiments). Pavlov emphasized that the intensifying 
fibres run along the loop of Vieussens. The close relation of the intensifying nerve 
fibres to the sympathetic system is also altested by the fact that the effect of their 
stimulation is fully retained after the animal is injected atropine. Finally, their 
relation to the sympathctie system is confirmed by a long latent period and a pro- 
tracted aftereflect which are observed when the intensifying nerve is stimulated. 


In discussing the mechanism of the action of the intensifying nerve Pav- 
lov wrote (1888): “We must actually characterize our intensifying nerve as 
the one that generally enhances all the vital properties of the ventricular 
muscle” (its excitability, conductivity and contractility). Pavlov believed 
that the intensifying nerve affected the heart trophically, i.e., primarily 
influenced the metabolism, the nourishment of the heart. He supposed that 
excitation of the intensifying nerve brought more nutritive material to the 
tissues and created conditions for better utilization by the heart of the 
substances it assimilated. We may assume that in this case different con- 
ditions are set up in the very tissue of the heart for the action of enzymes, 
these conditions ensuring an increased liberation of energy at a higher 
efficiency, i.e., with the transformation of a greater part of the liberated 
energy into mechanical work; the replenishment of the substances utilized 
during contractions is increased at the same time. 


* I. Pavlov, Complete Works, Vol, 1, p. 454. 
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Pavlov’s idea of the trophic effect of the intensifying nerve on the heart was con- 
firmed by the study of N. Podkopayev who established that the dog's heart deprived 
of its sympathetic innervation could not, like the normal heart, retain iis constant 
weight for a long time during total starvation of the animal. Under these conditions 
the normal heart uses the proteins, fats und carbohydrates brought by the blood 
from the skeletal muscles and the connective tissue and seems to nourish itself at 
the expense of the organs less essential to life. After removal of the stellate ganglia, 
i.e., disconnecting the sympathetic innervation of the heart, this regulation of metab- 
olism and nourishment is deranged and the heart in large measure loses its ability 
to retain and replenish its reserves of nutritive material during total starvation of 
the organism. 


Humoral Mechanism of Nervous Influences on the Heart 


Studies of the action of the postganglionic parasympathetic and 
sympathetic fibres on the heart led to a very important discovery which 
revealed the mechanism of the nervous influences on the effectors. In 1922 
O. Loewi demonstrated that when the postganglionic fibres of the vagus 
were stimulated a chemical substance was liberated in their endings and 
this substance acted on the heart just like excitation of the vagus. During 
excitation of the sympathetic nerve a substance is liberated in the post- 
ganglionic sympathetic endings and this substance affects the heart the 
same as does excitation of the sympathetic fibres. If Ringer’s solution which 
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Fig. 37. Humoral transmisaion of inhibiting effect of vagus on the heart. 


Bottom record of contractions of tho frog's heart during (see arrows) stimulation of its vagus. Top—- 
simullancous record of contractions of anothor heart through which physiological solution flowing out 
of firat heart is perfured (after K. Koshtoyants). 


bathed the frog’s heart during its arrest produced by vagal stimulation is 
collected and added to the fluid flowing through the isolated heart of 
another frog the contractions of this heart slow down and weaken as they 
do after stimulation of ‘the vagus (Fig. 37). Consequently, the effect of vagal 
excitation can be produced humorally by the action of the chemical agents 
contained in the fluid which bathed the heart inhibited by the excitation of 
the vagus: 

We can observe an acceleration and intensification of the work of the 
heart under similar experimental conditions by perfusing it with Ringer’s 
solution which bathed the heart whose contractions were accelerated and 
intensified by stimulation of its sympathetic nerve fibres (Fig. 38). 

It follows that during stimulation of the nerves, which innervate the 
heart, certain substances are produced in their postganglionic endings and 
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these substances influence the heart in the same way as does excitation of 
the corresponding nerves. During excitation of the postganglionic parasym- 
pathetic Ares of the vagus acetylcholine is liberated at their endings. The 
compound produced at the endings of the postganglionic sympathetic fibres 
during their excitation is extraordinarily close to adrenalin (it is sometimes 
called sympathin). Neither of these compounds, especially acetylcholine, is 
stable. Acetylcholine is very easily destroyed by a special enzyme called 
cholinesterase. This is precisely why the effect of vagal excitation wears off 
very soon after stimulation of the latter is stopped. 

Acetylcholine and adrenalin are often called humoral mediators of nerv- 
ous excitation. They are formed at the parasympathetic and sympathetic 
endings in negligible quantities (thousand-millionth fraction of a gram). 


ir 


ep F ! E AN I ri 
Aha ipin hitii nitip iit tad PA 





Fig. 38. Humoral transmission of effect. of stimulating sympathetic nerve fibres of the 
heart. : 
Upper record shows acceleration of contractions of the frog's heart in response to atimulation of ita sym- 
pathetic fibres by induction current (period of stimulation is shown by white band on lower line). Lower 
record shows simultansous contractions of sesond heart through which Ringer's solution flowing from the 
firm heart in perfused (after V. Boldyrev). 


But these substances are extraordinarily active; for example, about 
1:10,000,000 concentration of acetylcholine is enough to stop the heart. It 
is very probable that the action of the nerve impulses on the working 
organs innervated by the vegetative nervous system always involves acetyl- 
choline liberated at the endings of the fibres of the parasympathetic system 
and adrenalin formed at the terminal apparatus of the postganglionic fibres 
of the sympathetic system. Nervous excitation leads to the liberation of 
these compounds at the nerve endings and these compounds, influencing 
the effector, condition the changes in its activity. Such is the chemical 
theory of transmission of nervous influences. 


K. Koshtoyants and his associates recently demonstrated the connection between 
the action of the chemical factors of nervous stimulation and the metabolism of the 
innervated organ. Thus, for example, in the frog when the metabolism of the heart 
is affected by poisons (sublimate and some organic compounds of trivalent arsenic) 
which block the sulfhydryl groups (—SH) the myocardium loses its sensitivity to 
acetylcholine and to impulses from the vagus but retains the contractile properties 
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of its muscle fibres. If normal metnbolism of the heart is restored by adding com- 
pounds containing free —SH groups (for example cysteine) to the fluid passed 
through the heart the depressing effect of acetylcholine on the heart is again re- 
stored and stimulation of the vagus again produces the negative inotropic elfect. 


Tone of the Cardiac Nerves 


The fact that the vagus contains fibres whose stimulation weakens and 
slows down the contractions of the heart (the weakening and decelerating 
fibres) does not of itself show how and when the vagus affects the heart 
under normal conditions. It is important to know not only that this nerve 
can inhibit the heart; it is even more important to know when and to what 
extent this inhibition of the heart occurs. The experiments described below 
help essentially in answering these questions. 

Effect of suppressing vagal influence on the heart. Jf we cut both vagi in 
the dog the heart rate will immediately increase 1 1/2 to 2 1/2-fold (Fig. 39). 
The same thing is observed in man when the action of the parasympathetic 
nervous system on the heart is tem- 
porarily discontinued by atropine, a 
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pharmacological agent, which makes 
the transmission of excitation from 
the postganglionic fibres of the para- 
sympathetic syslem to the effectors they 
innervate impossible (atropine stops 
the action of acetylcholine, the vagus 
mediator, on the heart). A strong accel- 
eration of the heart rate is observed 
after a subcutaneous injection of 2 to 
3me¢e. of atropine; the heart rate 
usually reaches 140 to 180 beats per 
minute. Dn | 

Since suppression of vagal influence Be i i 
accelerates the heart rate we must take 





it that the fibres of the vagus running 
to the heart propagate nerve impulses 
continuously. It follows that the fibres 


Fig. 39. Record of the dog's heart rate: 

top---before cutting, centre after cut- 

ting both vagi. Bottom-- time intervals 
(2 seconds). 


of the vagus, which inhibit the heart 
are constantly in a state of certain ex- 
citation which is not strong cnough to stop the heart but which suffices in 
some measure continuously to decclerate the cardiac rhythm. 

Tone of the vagal centre. A prolonged excitation which is not attended 
by fatigue is called tonic. The state of incessant, now increasing and now 
decreasing, excitation of the neurons of the vagus which innervate the 
heart is referred to as vagal tone. This excitation of the vagi uninterrupted, 
but varying in force, inhibits the work of the heart in the same mcasure. 


Thus far we have only claborated the problem pertaining to the tone of the vagal 
neurons whose fibres conduct the impulses which decelerate the heart rate. We do 
not know whether the neurons, whose axons transmit to the heart the impulses 
which weaken cardiac contractions, have any tone; the solution of this problem pre- 
sents difficulties. 


There are cases in which for as yet unknown reasons the tone of the vagal 
neurons, which inhibit the heart, in man suddenly weakens. This results in 
an uncommonly strong acceleration of the heart (up to 160 to 180 and more 
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contractions per minute at rest) which is called paroxysmal tachycardia. 
This paroxysm is sometimes stopped by measures which increase the vagal 
tone. 

The tone of the vagal neurons which innervate the heart is, undoubtedly, 
due to the constant impulses of excitation in the nerve cells of the nucleus 
of the vagus whose axons run to the heart. These impulses of excitation 
which condition the tone of the neurons of the vagi innervating the heart 
arise reflexly, mainly under the influence of impulses from the vascular 
interoceptors (Chapter 17). Acceleration of the heart, which occurs in 
muscular work and in emotional states, is always connected with a decrease 
in the tone of the vagal neurons which inhibit the heart (the tone of the 
sympathetic neurons innervating the heart is usually increased at the samc 
time; see below). 

In newborn children the vagal tone is weak or absent which explains 
why they have a quick pulse (130 to 140 beats per minute). The cardiac 
fibres of the vagus acquire tone during the first weeks of life. 


Certain pathological processes are accompanied by a considerable rise in the tone 
of the vagal neurons which innervate the heart and are, therefore, characterized by a 
slower heart rate. The increase in the tone of the vagi is especially characteristic 
in hypertension of the cerebrospinal fluid and in cerebral tumours. Certain chemi- 
cal agents injected into the blood also raise vagal tone (for example, the active prin- 
ciples of foxglove). It is possible that in these cases the increased vagal tone is due 
to a direct effect of the mechanical stimulation (pressure) and the chemical agents 
on its nerve cells. Normally it is the reflex influences that play the decisive part 
in regulating the tone of the vagus. 


Tone of the sympathetic cardiac fibres. The cells from which sympathetic 
fibres run to the heart also have a certain tone. This problem has been 
studied less than the problem of vagal tone, but it has been found that 
after extirpation of the stellate ganglia, i.e., after almost completely depriv- 
ing the heart of its sympathetic innervation, the heart rate slows down. 
After depriving the heart of its sympathetic innervation the rhythm of the 
heart-beats (in dogs) is 15 to 25 per cent lower than normal. 

The tone of the intensifying nerve has not been sufficiently studied. 


Interrelation of the Vagal and Sympathetic Influence on the Heart 


The centres of the cardiac fibres of the vagus and the sympathetic nerves 
are so interrelated that a considerable increase in excitation of one of them 
usually occurs simultaneously with a decrease in excitation of the other. If, 
for example, the tone of the vagal centre decreases in muscular work the 
tone of the cardio-accelerator centre and of the intensifying nerve increases. 
In these cases the acceleration and intensification of the heart-beats are 
achieved because of the simultaneous decrease in the inhibitory influences 
of the vagus and increase in the stimulatory influence of the sympathetic 
innervation. 

If the inhibitory influences transmitted to the heart along the fibres of 
the vagus are stopped and the accelerating effects of the sympathetic 
system are retained, the heart rate increases much more than when both 
the sympathetic and vagus innervalions of the heart are suppressed. This 
corresponds to clinical observations which have shown that after the vagal 
influence of the heart is suppressed in people by atropine the emotional 
excitement, which stimulates the sympathetic innervation of the heart, 
accelerates the cardiac rhythm still more. However, during muscular and 
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mental rest the influence of the tonic excitation of the vagal neurons. which 
innervate the heart, prevails over the tonic excitation of the sympathetic 
system; a completely denervated heart beats much [aster than normal. 

Normal work of the heart is determined by the interaction of the nervous 
influences exerted on it. Moreover, it should be remembered that different 
nerve fibres influence various aspects of the work of the heart ensuring 
precisely by their joint action the most complete adjustment of the heart 
to the different conditions of bodily activity. The fibres of the vagus. 
which inhibit the activity of the heart. are not antagonists of the intensify- 
ing fibres of the sympathetic nerve by the final effect they produce on 
the whole body. Pavlov found that retardation of the systoles produced by 
stimulation of the vagus may lead to a rise in blood pressure when the 
latter is for some reason dropping. This is explained by the fact that dur- 
ing excitation of the vagus the pause between the systoles is prolonged 
which aids in neutralizing the biochemical changes produced by each con- 
traction of the heart; the contractions become stronger. This is why Pavlov 
said that the inhibitor fibres of the vagus “were the regulators of the heart's 
rest.” Consequently, according to its final effect, the action of the sym- 
pathetic and the parasympathetic fibres of the heart is in this case not anta- 
gonistic but synergic: by slowing down the heart a certain degree of exci- 
tation of the vagal neurons leads to an increase in the filling of the heart. 
with blood during diastole and to an intensification of the following systole. 

The relation between the influences of the fibres of the vagus and the 
sympathetic nerves on the heart is regrettably still investigated only 
through studies of the heart rate. The force of the cardiac contractions, 
a no less important factor than their rhythm, has largely been neglected by 
the investigators of cardiac innervation partly, possibly, because it is 
technically much more difficult to estimate the force of the heart-beats 
(especially in a chronic experiment) than of the heart rate. 

Inhibition of the rhythm of heart-beats, when certain fibres of the vagus 
are stimulated, and acceleration of the heart rate during stimulation of 
certain fibres of the sympathetic nerve are not absolutely fixed and con- 
stant. According to N. Wedensky the inhibiting effect of the vagus on the 
heart is due to the fact that excitation of its fibres lowers the lability of the 
heart and, thus, creates the conditions for parabiotic inhibition (Chapter 
50). N. Wedensky found that under certain conditions stimulation of the 
vagus intensified rather than inhibited the work of the heart. Subsequent 
data have shown that the direct-current anode, i.e., the agent that lowers 
excitability, removes the inhibiting effect of the vagus on the heart, while 
the cathode (negative pole) intensifies this inhibition (I. Arshavsky). 


Reflex Influences on the Heart from Various Receptors 


Excitation of the vagal and sympathetic centres, i.e., their tone, is deter- 
mined by reflex mechanisms and varies with the stimulation of different 
receptors. The reflex regulation of cardiac activity always occurs together 
with the reflex regulation of the vascular tone (Chapter 16) and is included 
in the various complex-refiex acts of the organism. 

Reflex influences on cardiac activity from the interoceptors. Stimulation 
of any interoceptors may refiexly alter the activity of the heart. The im- 
pulses arising in the interoceptors of the aortic arch and the region of the 
division of the common carotid artery are especially important among the 
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reflex influences on the heart (Fig. 62). Here there are many vascular baro- 
receptors.” i.e., receptors of the group of mechanoreceptors stimulated by 
a rise in the blood pressure in the vessels. The impulses of excitation aris- 
ing in the piven receptors are transmitted to the medulla oblongata. Exci- 
tation of the vagal centre and the concomitant inhibition of the centre of 
the sympathetic nerves of the heart is a reflex response to these impulses. 

The higher the arterial blood pressure, everything else being equal, the 
more intensive the reflex excitation of the centre of the cardiac fibres of 
the vagus and, consequently. the inhibition of cardiac activity. 

The receptors of the aortic arch and of the carotid sinuses are stimulated 
by the ordinary arterial blood pressure developed in each cardiac systole; 
these receptors are also slightly stimulated by the artcrial pressure during 
diastole (p. 162). It follows that the central nervous system constantly 
reccives impulses from the baroreceptors of the carotid sinuses and the 
aortic arch, which impulses reflexly stimulate the centre of the vagus; this 
leads to permanent reflex excitation of the centre of the vagal ncurons, 
which inhibit the heart, and is referred to as the vagal tone. 


Reflex excitation of the vagal centre (with the concomitant inhibition of the centre 
of the sympathetic nerves of the heart) in response to the impulses from the baro- 
receptors of the aortic arch and the carotid sinus is not always constant, Thus, for 
cxample, during muscular work, when arterial blood pressure usually rises, this rise 
in pressure does not reflexly inhibit the heart rate. Nor is any slowing down in the 
rhythm of cardiac contractions observed in hypertension though in this case arterial 
blood pressure is maintained on a high level for a long time. 


The reflex caused by stimulation of the receptors at the mouth of the 
venae cavae (the Bainbridge reflex) plays an important part in the regula- 
tion of cardiac activity. It occurs in response to a rise in blood pressure in 
the venae cavae which leads to stimulation of the baroreceptors located in 
the walls of the venae cavae where they empty into the heart. Afferent 
fibres from these receptors enter the spinal cord and their excitation 
reflexly lowers vagal tone and increases the tone of the sympathetic inner- 
vation of the heart. In this case the heart rate and the force of cardiac 
contractions increasc. 


There are interoceptors in all blood vessels and in all tissues and organs; in 
addition to baroreceptors there is a mass of chemoreceptors which are stimulated 
by various chemical agents produced in the process of metabolism. Sufficiently 
strong stimulation of any interoceptors may lead to reflex changes in cardiac activity. 


Cardiac activity is usually inhibited when the receptors of the peritoneum 
are stimulated. This explains the reflex arrest of the heart easily demon- 
strated in the experiment on the frog by percussion of the abdomen (Goltz’s 
experiment). The heart sometimes stops refiexly also in man (the arrest is 
usually reversible) from a strong blow on the abdomen (for example, a 
knock-out abdominal blow in boxing). 

A slowing down and a decrease in the force of the heart-beats are also 
observed in a number of pathological processes in the abdominal cavity, as 
well as during considerable stimulation of the receptors of the thoracic 
cavity and the mediastinum, which occurs when the thorax is opened and 
during surgical operations on the organs of the thoracic cavity (for this 
reason surgeons now perform such operations by first barring the spread 
of impulses along the vagus by novocain). 


* Baroreceptors are sometimes referred to as pressoreceptors. 
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The activity of the heart may also be altered by stimulation of the receptors of 
the heart itself. According to a number of authors there are receptors under the 
endocardium of the dch ventricle, whose functional role is analogous to that of the 
receptors in the aortic arch. Their stimulation occurs during systole when there is 
a sharp risc in the pressure of the blood which fills the ventricles and reflexly leads 
to a slowing down of the rhythm of the heart-beats owing to an increase in exci- 
tation of the vagul centre. The excitation which arises in the central nervous system 
during stimulation of these cardiac recepiors (and during stimulation of the baro- 
receptors of the large vessels) docs not produce any particular sensations in man 
(see Chapter 64). In like manner the data furnished by surgeons, who not in- 
frequently operate on the heart under local thoracic anaesthesia, show that during 
mechanical stimulation of the exposed heart the patient experiences no particular 
sensations, At {he same time certain pathological processes in the heart, especially 
those connected with insufficient blood supply to the heart muscle frequently 
produce acute pain: such are the pain attacks observed during constriction of 
the coronary vessels or during coronary thrombosis. These pain sensations are 
probably due to stimulation of the afferent endings of the nerve fibres which run 
from the heart. through the stellate ganglion together with the sympathetic fibres 
and together with them enter the spinal cord on the level of the I, 1 and HI tho- 
racic segmentis of the latter. Injection of an anaesthetic into this ganglion often 
relieves these cardiac pains. Heart pains are not localized preciscly in the region 
of the heart (behind the sternum) but are radiated—pain is usually felt in the left 
shoulder and in the left arm. 


Stimulation of the receptors of the heart, which leads to pain sensations, 
strongly affects the rhythm of cardiac contractions. 

The pericardium, as well as the wall of the heart and the epicardium 
which covers it, contain numerous receptors stimulated, for example, dur- 
ing the production of exudate in the pericardium and during mechanical 
stimulation of the surface of the heart applied under conditions of a chron- 
ic experiment. through a fistular tube fastened in the pericardium and in 
the wall of the thoracic cavity (P. Goncharov). Stimulation of the receptors 
of the pericardium, when air or a saline solution are introduced into its 
cavity, leads to a protracted inhibition of the heart-beats; the inhibition is 
eliminated by suppressing the function of the vagi. The pericardium also 
contains chemoreceptors. It is possible that the mechanoreceptors of the 
heart and the pericardium are stimulated in each systole. 

A rise in the blood pressure of the pulmonary vessels may reflexly 
weaken cardiac activity. 

The agents, whose action constantly coincides with the stimulation of the 
interoceptors which reflexly alters the activity of the heart, become con- 
ditioned stimuli and, owing to the development of conditioned reficxes, 
begin to exert the same influence on the heart as the direct stimulation of 
these interoceptors. 

Reflex influences on the heart from the extcroceptors. Stimulation of 
various exteroceptors, particularly those subjected to traumatic stimulation, 
most frequently lead to an acceleration of the heart rate (the influence of 
this stimulation on the force of cardiac contractions is not sufficiently clear). 
Very vigorous traumatic stimulation, especially if it is prolonged, may lead 
to a slowing down and a weakening of the heart-beats. 


Inhibition of the heart-beats produced by reflex excitation of the vagal centre is 
often observed when the receptors of the mucosa of the nasopharynx and of the 
respiratory passages are stimulated, for example, in the initial phase of ether 
anaesthesia and in inhaling vapours of ammonia and other irritating gases. A diag- 
Nostically important reflex on the heart is the reflex increase in excitation of the 
fibres of the vagus which inhibit the hcart in response to finger pressure applied to 
the eyeball that causes no pain. A greater slowing down of the pulse resulting 
from the same pressure on the eyeball testifics to a higher excitability of the central 
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structures of the vagus or to a greater sensitivity of the heart to the impulses from 
this nerve. 


Stimulation of the mechano- and chemoreceptors (stimulated during con- 
tractions of the skeletal muscles) reflexly increases the activity of the heart 
and alters the vascular tone. This is why passive flexion and extension of 
the extremities which stimulate the muscle receptors lead to reflex accel- 
cration of the heart: the latter does not occur if the afferent fibres connecting 
these receptors with the central nervous system are cut. 


Effect of the Blood-Borne Chemical Substances on the Heart 


In addition to direct nervous influences the heart is also influenced by 
various chemical substances, which are carried by the blood, the so-called 
humoral factors (hormones, ctc.). The nervous and humoral influences on 
the heart are closely related. This relation is primarily due to the fact that 
the hormones and the other substances which alter the activity of the heart 
enter the blood as a result of reflex acts, i.e., in response to the stimulation 
of some particular receptors. Thus, the adrenals secrete adrenalin, which 
influences the activity of the heart reflexly in response, for example, to the 
stimulation of the pain receptors. Various changes in the composition of the 
blood may in their turn stimulate the chemoreceptors which again reflexly 
influence the tone of the neurons innervating the heart. For example, stim- 
ulation of the chemoreceptors of the large arteries during dcoxidation of 
the blood leads to an increase in the activity of the heart owing to reflex 
excitation of the sympathetic neurons, which accelerate and intensify car- 
diac contractions, and to reflex inhibition of the vagal centre. 

Of the compounds which circulate in the blood and influence the activity 
of the heart certain hormones, especially adrenalin and thyroxin, are of 
essential importance. Adrenalin, the hormone produced by the medulla of 
the adrenals, acts on all organs innervated by sympathetic nerve fibres, and 
in particular on the heart, as does excitation of the sympathetic nerve fibres. 
This parallelism is due to the fact that excitation of the postganglionic 
sympathetic nerve fibres leads to the liberation at their endings of a sub- 
stance resembling adrenalin, which acts like the latter on the heart muscle 
by accelerating the heart rate and increasing the force of the heart-beats. 

With the body at rest the medulla of the adrenals secrets but little adren- 
alin which circulating in the blood exerts no essential influence on the 
activity of the heart. Large amounts of adrenalin enter the blood frum the 
adrenals during considerable muscular work, during hypoxia and during 
the action of agents which are their signals. This also occurs during so- 
called emotional stress (for example, in keen pain and during the action of 
the signals of pain stimuli). In these cases the liberation of adrenalin, like 
the simultaneous reflex excitation of the sympathetic nerve fibres which 
innervate the heart, leads to an increase in the work of the heart. 


Of the compounds which acl on the heart humorally mention should also be made 
nf calcium and potassium ions. An increase in the concentration of calcium salts 
in the medium which bathes the heart acts as does excitation of the sympathetic 
nerve, whereas the action of the potassium salts is similar to the action result- 
ing from excitation of the vagus. In lesions of the adrenal cortex, in extensive 
haemolysis, for example, after transfusion of incompatible blood, after burns and 
during the late phases of disorders of the renal function (anuria) the concentration 
g paganan in the blood may increase to such an extent as to impair the activity 
of the heart. 
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Influence of the Cerebral Cortex on the Activity of the Heart 


Observations dating from hoary antiquity show thal the activity of the 
heart changes under the influence of a number of agents which affect the 
functions of the cerebral cortex and produce states in everyday life referred 
to as agitation, pain, fear, joy, anxiety, impatience, etc., or, generally speak- 
ing, the emotions. Pavlov also mentions this by saying: “. .. you know a lot 
of ordinary human sensations which are usually ascribed to the heart. ... 
The heart ‘leaps with joy,’ the heart ‘beats with love,’ the heart ‘thumps 
with fear,’ the heart ‘was wrung with compassion,’ ete.” 

Pavlov explained such changes in the heart rate as a reaction which in its 
origin was connected with the reflex changes in cardiac activity during hard 
muscular work. In animals increased muscular activity and the increased 


Fig. 40. Conditioned reflex causes changes in cardiac activity. 
2) normal electrocardiogram of the dog; 2- cloetroeardiogram recorded imunodintely after 
stimulation of gastric mucosa by induction current: (stimulating clectrodes were insertea 
into stomach through fistula) with stimulation always preceded by beats of metronome; 
3 clectrocardiogcam recorded while only sounds of the metronome were used after they 
had been combined with stimulation of pastric mucosa 60 times (after Y. Petrova). 


work of the heart connected with it are due to the action of agents which 
produce hunger, sexual and defensive reflexes. By evoking considerable 
muscular activity all such stimuli, as well as their signals, lead to an inten- 
sification and acceleration of the heart-beats. In man the motor reactions 
in response to such stimuli (for example, pain) are frequently inhibited. 
However, man has retained one of the components of motor excitation 
caused by such agents—acceleration and intensification of cardiac activity. 
All the signals of stimulations which accelerate the heart rate, including 
verbal stimuli in man (see Chapter 65), are also connected with the reflex 
changes in the activity of the heart. This explains the strong influence cf 
verbal stimuli on cardiac activity (and on the functions of the internal organs 


in general). 


* I Pavlov, Complete Works, Vol. V, p. 330 (Lectures on the Physiology of 
Circulation). 
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The influence of the cerebral cortex on the activity of the heart is a result 
of the development of various conditioned reflexes to cardiac activity 
A. Ivanov-Smolensky’s associates have found that the words which sig- 
nalize some action capable of changing the activity of the heart produce 
the same changes in the heart rate as this action itself. V. Delov has shown 
that any indifferent agent (in relation to the activity of the heart) re- 
peatedly used (30 to 60 times) before a drug, which in some definite 
manner changes the work of the heart, is injected into the blood, 
begins to change cardiac activity very much like the drug itself. For ex- 
ample, a tone of a certain pitch repeatedly used at the time strophanthin 
was injected slowed down the heart rate and changed the conductivity of 
the heart like strophanthin itself. The situation under which a substance 
slowing down the heart, for example, morphine, is injected produces the 
same changes in the activity of the heart as does this substance. The signal 
of injection of nitroglycerin, a vasodilating substance, leads to the same ac- 
celeration of the heart as the injection of this compound. The resulting con- 
ditioned reflex is so strong that the use of the conditioned stimulus which 
accelerates the heart removes the opposite effect produced by subcutane- 
ously injected morphine. Conditioned reflexes affecting the activity of the 
heart are also developed in response to agents whose influence is con- 
nected in time with stimulation of the receptors of internal organs which 
reflexly alter cardiac activity (for example, with stimulation of the stomach 
[Fig. 14], the gallbladder or the heart itself). 


CHAPTER 14 


WORK OF THE HEART UNDER VARIOUS CONDITIONS 
OF VITAL BODILY ACTIVITY 


The activity of the heart is always determined by the conditions under 
which the body lives. It goes without saying that the properties of the heart 
itself—the development of its musculature, the excitability and con- 
ductivily—also determine the nature of cardiac activity. However, these 
properties of the heart have formed on the basis of all the preceding condi- 
tions of bodily activity and as a result of the influences reflexly exerted on the 
heart. Such factors, for example, as certain muscular work done repeatedly 
and the action of a number of poisons and toxins, considerably alter the 
properties of the heart. At the same time the reaction of the circulatory 
system to the impulses from various receptors varies with the conditioned 
reflexes devcloped in the course of life and influencing the circulatory 
system (for example, the report of a gun may greatly increase the heart 
rate in people who seldom hear it while hardly affecting the heart rate 
of artillerymen). Hence, the reaction of the heart to various influences of 
the internal and external environments varies in different individuals and 
in the same individual under different conditions and at different periods 
of his life. 


Heart Rate (Pulse Rate) 
The heart rate, usually determined as the pulse rate, depends on all the 
conditions of bodily vital activity and increases under all conditions 


which increase the metabolism and the energy exchange in the body. 
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The heart rate is lowest during deep sleep when the skeletal musculature 
is almost fully relaxed and the function of the digestive apparatus is 
reduced. During sleep it normally varies between 50 and 60 per minute. 
For practical purposes, however, the heart rate is normally taken at com- 
plete muscular rest (in a horizontal position no sooner than 10 to 30 minutes 
after walking or other light work*) several hours after cating and exclud- 
ing any and all stimuli to the cerebral cortex. Under these conditions it 
usually varies between 60 and 70 per minute. In children it is always 
higher under the same conditions of rest than in adults because of their low 
vagal tone. 

The heart rate of less than 60 per minute is designated as bradycardia 
and that of more than 85 to 90 per minute is termed tachycardia. Brady- 
cardia is mostly conditioned by an increase in the tone of the vagal centres 
(for example, in certain cerebral diseases and in abnormally high intra- 
cranial pressure). As a normal phenom- 
enon bradycardia is encountered in 190 
highly-trained athletes who during com- 
plete muscular rest show a pulse rate 
of 36 to 45. Tachycardia is nearly always 
conditioned mainly by a decrease in 
the inhibiting influences of the vagus 
on the heart. This combines with the 
influence of the high tone of the cardiac 
accclerators. 

The heart rate is usually irregular 
even undcr strictly constant conditions 
and at complete rest. During inspiration 
it slightly increases due to the fact that 
the distension of the lungs and the 200° 400 600 600 — 1000 1200 
increase of the blood Slow along the veins Lolensily of work (0, consumption inem per min) 
the the heart reflexly depress vagal tone. jig. 41, Heart rate (along ordinate) 
During expiration the heart rate some- in trained and untrained subjects. 
what decreases compared with inspira- Crosses mark results of individual uber- 
tion. These variations in the pulse rate yai ions of untrained sob este dirin muscular 

: . . work of various intensity corresponding bo 
connected with respiration are called various ralos of oxygen consumption marked 
respiratory arhythmia, particularly pro- on abscissa (atter Krogh and Linhard), 
nounced in children. 

Acceleration of the pulse duc to lowering of the tone of the vagal centre 
and a rise in the tone of the accelerators of the heart occurs during 
muscular work, under so-called emotional stresses and, to a lesser extent, 
during hard mental work and during increased activity of the digestive 
tract. The pulse of people trained for muscular activity quickens less than 
that of untrained people even during the performance of the same work 
(Fig. 41). But if the muscular work is the maximal for the given person 
(for example, running for a period of 2 to 5 minutes at the highest speed) 
the maximal heart rale is the higher the better his muscular training. In 
highly trained athletes the pulse rate may rise to 260, whercas in untrained 
people it never exceeds 200 (Farfel). 

Increases in the heart rale are always observed during rises in body 
lemperature. 






* After very hard muscular work the pulse rate often returns to normal for the 
given subject only within several hours. 


127 


Systolic and Minute Volumes of the Heart 


The amount of blood pumped out by each ventricle (separately) is called 
the systolic (or beat) volume of the heart; multiplied by the number of 
beats per minute it gives the minute volume of the heart. There are 
indirect methods of determining the minute volume of the heart based on 
the fact that all the blood pumped out by the right heart goes through the 
lungs. Let us assume that in one minute man exhales 200 ml. of carbon 
dioxide with the expired air. If the arterial bluod contains 50 volumes 
per 100 ml. of blood (50 volume °%,) and if the venous blood flowing from 
the right heart to the lungs contains 55 volume °%, then each 100 ml. of 
blood gives off 5 ml. of carbon dioxide in the lungs (200 :5) X 100 ml., i.e 
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Fig. 42. Minute volume of heart at rest and during work of various intensity. 


Shaded rectangle shows minute volume in different subjects at rest; data obtained during 

museular work are indivated by dots; each dot shows minute volimo of each individual 

person af muscular work done and rate of oxygen consumption (abscissa) (data of several 

investigators). The diagram shows that the more intensive the work (tho more oxygen 

consumed during its performanee) the greater the minule volume of the heart an shown 
on the ordinate (after Hanson). 


4 litres of blood must flow through the lungs per minute which will be 
the minute volume of the heart. The systolic volume at a heart rate of 80 
will be 4 lit. : 80, i.e., 50 ml. 

This method of determining the minute volume of the blood proposed 
by Fick requires a rather complicated estimation of the content of carbon 
dioxide in mixed venous blood which comes to the right heart from the 
entire body (p. 203), i.e., the blood of the right ventricle or the pulmonary 
artery. 

Another method determines the minute volume of the heart by the 
amount of a gas with a precisely known solubility coefficient dissolved in 
the blood, for example, acetylene added to the inspired air. 

The average minute volume of the heart in a healthy adult in a state 
of complete rest and on an empty stomach varies between 3.5 and 5.5 litres, 
i.e., approximately 2.2 litres per 1 m.? of body surface (see determination of 
the latter value above). The normal systolic volume is usually 50 to 80 ml. 
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After eating the minute and systolic volumes increase by 15 to 20 per 
cent. During hard muscular work 15 to 25 litres of blood is pumped out 
into the aorta per minute; in highly-trained athletes this figure reaches 
even 40 litres during maximal effort. Moreover, in people trained for 
muscular activity the minute volume increases because of a considerable 
rise in the systolic volume, while in untrained people this increase is due 
mainly to acceleration of the heart rate. High figures of systolic volume 
(about 90 to 110ml.) with a correspondingly slow pulse are noted in 


physically trained pcople even at rest, while during hard work thcir beat 
volume rises to 150 and even 180 or 200 ml. 


Value of Cardiac Work 


Mechanical work is measured by the product of the load (in kilograms) multi- 
plicd by the height (in metres) to which the load is raised. The value of the mass 
of blood pumped by the heart from the veins into the arteries may be represented 
as lifting a load to a certain height. This height corresponds to the blood pressure 
in the aorta. Let us assume that we have opened the aorta and the blood has begun 
to spurt upward. The work of the heart then equals the product of the weight of 
the blood by the height reached by the fountain. This blood pressure which so 
vividly manifests itself when the blood gushes upward from an open artery acts on 
the walls of unopened vessels from inside. The blood pressure produced by the work 
of the heart is expressed in mm. Hg and is easily measured by the methods indicated 
in Chapter 15. In order to pass on to the height to which the blood pumped out by the 
heart rises from the value of the blood pressure, we must multiply the value of the 
blood pressure expressed in mm, Hg by the specific gravity of mercury, ic, by 13.6 
(we can disregard the very small difference in the specific gravity of water and blood). 

Hence, the work of the left heart equals QH, where Q is the weight in kilograms 
or, What is practically the same, the number of litres of blood pumped out by the 
heart into the aorta, and H is the mean blood pressure in the aorta. Let us assume 
for the sake of simplicity that the mean pressure equals half the valuc 
cf arterial blood pressure during systole and diastole. This value is norma:ly close 
to 100mm. Hg (0.1 m.), while the amount of the blood driven by the heart into the 
aorta varies between 3.5 and 5.5 litres per minute at rest and rises to 20 to 50 litres 
during hard muscular work. 

In order to compute the work of the whole heart we must add to the work done 
by the lett ventricle the work of its right half which, owing to the Jesser blood pres- 
sure in the pulmonary artery compared with the pressure in the aorta, equals 1/4 to 
1:16 of the work of the left ventricle. 1 follows that the work of the heart (not count- 
ing the acceleration imparted to the blood) equals 5/4 QH (1/4 is added for the work 
of the right ventricle). With a minute volume of 5 litres and a mean pressure of 
100 mm. Hg in the aorta the value of the work of the heart equals 5-4 (5 X 0.1 X 13.6), 
i.c., 8.5 kg/m. per minute, or in round figures 500 kg.’m. per hour and 12,000 kg.’m. 
per day. Since the amount of blood pumped by the heart increases during muscular 
activity the work done by the heart may reach 1,000 to 2,000 kg/m. per hour (and 
with a minute volume of 30 litres even 3,000 kg.:m. per hour). Considering that man 
is usually in a state of relative muscular rest no more than 10 to 12 hours per day 
we must estimate (he daily work of the heart at approximately 15,000 to 20,000 kg./m. 
The lower of these figures corresponds to the work done by a person weighing 
7 kg. who climbs 10 times to the fifth Hoor, In hard muscular work the heart docs 
30,000 kg./m. of work per day. These values of cardiac work (10.000 to 30,000 Ky.’m.) 
with (p. 361) approximately 20 per cent cardiac efficiency are equivalent (o an 
energy output of 120 to 360 Jarge calories. The liberation of such amounts of energy 
requires a daily consumption of 30 to 90 gr. of carbohydrates or proteins by the 
heart. 


In disorders of cardiac activity characterized by an impairment of 
the pumping function of the heart there may be a temporary discrepancy 
between the amounts of blood flowing 1o and from the heart. If the func- 
tion of the right heart is impaired the right ventricle does not pump all 
of the blood coming from the systemic circuit and there is venous con- 
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gestion—the liver is overfilled with blood, the cervical veins swell up 
and the pressure in the veins of the systemic circulation rises. If the activ- 
ity of the left ventricle is inadequate it does not pump all the blood it 
receives from the veins of the pulmonary circulation into the arteries of 
the systemic circuit. In this case there is pulmonary congestion with con- 
comitant dyspnoea. The heart is distended in all these cases. The regulatory 
mechanisms respond by intensifying and accelerating the contractions of 
the heart which re-establishes the correspondence between the amounts 
of blood flowing to and from the heart per unit of time. 


CHAPTER 15 
MOVEMENT OF THE BLOOD ALONG THE VESSELS 


Physical Laws Determining the Blood Flow; Blood Pressure 
and Velocity of the Blood Flow 


Let us imagine liquid-filled reservoir A (Fig. 43) with a horizontal tube 
leading away from a permanent section BD into which vertical tubes 1, 2, 
3, etc., are soldered. By raising the liquid in reservoir A to the level H we 
impart to it a certain amount 
of potential energy measured 
by the value of the pressure it 
exerts on the bottom of the 
reservoir. If the tap at the 
end of tube BD is closed the 
potential energy accumulated 
in the reservoir during the 
rise of the liquid to level H is 
not spent. With the tap closed 
the water level in the tubes 
will be equal to that in reser- 
voir A. If the tap is open the 
water runs out of tube BD 
and the water level in tubes 
1, 2, 3, ete., drops. 

By comparing the water 
levels in tube 1 and in pres- 
sure reservoir A we see that 
the lateral pressure of the 
Fig. 43. Diagram illustrating significance of physi- liquid in the very beginning 
cal factors affecting blood pressure (explanation in of tube BD is lower than the 

text). water pressure in the pres- 

sure reservoir. Consequently, 

a certain amount of energy expressed by the value H — h, = hg is spent 
in the very beginning of the system. This energy is spent on imparting a 
certain velocity to the flow of the liquid. If tube BD is very wide so that 
the velocity of the flow of the liquid approximates the velocity of the 
fall of a free falling body nearly all the potential energy of the 
liquid column is changed into the kinetic energy of its outflow and 
H—h, approximates H. If the velocity of the flow of the liquid from 
reservoir A is slowed down by friction against the walls of horizontal 
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tube BD it will be the lower the more energy is spent on overcoming the 
friction of the liquid against the walls of the tube; the value H —h, 
decreases (hg relatively increases) (compare height of liquid column in 
tubes 3 and 4, Fig. 43, top). 

Thus, the energy communicated to the moving liquid is spent. on impart- 
ing a certain velocity to the liquid and on overcoming the friction against 
the walls of the vessel along which the liquid flows. 

In the circulatory system the total amount of energy communicated to 
the blood by the work of the heart physically corresponds to the potential 
energy which the liquid had 
in reservoir A of the afore- 
said model. The pressure 
exerted by the Mowing blood 
on the internal surface of the 
blood vessels is analogous to 
the lateral pressure of the 
liquid in tubes 1 to 6 which 
issue from tube BD (Fig. 43). 

If we insert a T-tube into 
the cut ends of a blood vessel 
and connect its lateral limb 
to a manomcter we determine 
the pressure of the blood on 
the wall of the vessel. This 
pressure expresses the poten- 
tial energy which the blood 
still has at the given portion 
of the circulatory system and 
which is then spent on over- 
coming the further resistance 
to its flow. The energy spent 
on imparting velocity to the 
blood is disregarded when the 
lateral pressure is measured. 
If we connect with the mano- 
meter a tube inserted into the 
vessel against the blood flow, Karl Ludwig 
the blood, beating against the 
surface of the manometer, which registers the pressure, stops. The final 
pressure thus recorded indicates not only the potential energy of the blood 
at the given point of the system, but also the energy spent on imparting a 
certain velocity to the blood. The lower diagram in Fig. 43 illustrates this 
by the level of the pressure in tube 2a, the end of which is directed against 
the flow of the liquid, and the energy of the velocity of the liquid is, there- 
fore, communicated to the liquid in tube 2a; the pressure in this tube is 
higher than the lateral pressure by the height hy = H —h,. 

In the vascular system the amount of energy spent on imparting velocity 
to the blood is very small compared with the potential energy com- 
municated to it; the final pressure, therefore, approximates the lateral 
pressure. Usually when speaking of the value of blood pressure we are not 
concerned with whether this value includes the kinetic factor of the 
work of the heart (imparting velocity to the blood) or it is only a question 
of lateral pressure exerted by the flowing blood on the wall of the vessel. 
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Since the blood returning to the heart enters its cavity from the veins at some 
speed the entering mass of blood naturally has a certain energy, but this energy is 
not utilized when the blood is subsequently pumped by the heart into the artcrics 
because upon entering the heart the blood strikes the walls of its cavities and stops, 
creating turbulent movements. 


The exact measure of the total potential energy communicated by the 
work of the heart to a unit of blood volume is, consequently, the value of 
the blood pressure in the initial portion of the aorta. The pressure in all 
the large arteries, such as the carotid, the brachial, the radial and the 
femoral, is only a little lower (2 to 10 mm. Hg) than in the aorta. This is 
due to the fact that in flowing through the large arteries where the 
resistance is very weak the blood hardly spends any of the potential 
energy imparted to it by the heart. The easily determined (p. 137) blood 
pressure in any large artery—arterial blood pressure may, therefore, be 
considered the measure of the potential energy of the blood pumped by 
the heart into the aorta. 


The pressure of the blood in any vessel, including the arteries, is the pressure 
which the particles of the fluid exert on cach other. In a liquid the pressure is 
evenly exerted in all directions and the pressure of the blood is, therefore, fully 
exerted on the wall of the vessel along which it flows. The value of the arterial 
pressure is vividly demonstrated by the height tu which the blood spurts from a 
small wound in the wall of an artery. If we insert into a large artery a tube con- 
nected with a vertical glass Lube, as it was donc by Hales when he measured the 
urterial pressure for the first time (18th century), the blood in the glass tube will 
rise 150 to 200cm. above the body surface of the animal. During each systole tne 
blood rises about 20 to 40cm. above the level to which it drops during the pause 
between the contractions of the heart. This method of determining the value of the 
blood pressure is suitable only for physiological demonstrations. 


Arterial pressure is usually measured by means of manometers (p. 135). 
The value of arterial pressure is nearly always expressed in millimetres 
Hg (1 mm. Hg corresponds to 13.6 mm. H,O). 


Resistance to the Blood Flow in the Different Divisions of the 
Circulatory System 


Measurements of the blood pressure in various vessels show that. in all 
large arteries, visible to the naked vye, the pressure is only slightly lower 
than in the aorta. This is due to the fact that the resistance offered to the 
flow of blood in the large arteries is slight and only a small part of the 
potential energy communicalcd to the blood forced out into the aorta is 
spent on its flow along these arteries; during systole the normal pressure 
in the aorta reaches 115 to 130 mm. Hg. In the beginning of the arterioles 
the blood pressure is approximately 70 to 80 mm. Hg. During the passage 
of the blood through the arterioles the pressure sharply drops and the 
blood flows into the capillaries under a pressure of only 20 to 30 mm. Hg. 
Having passed through the capillaries the blood enters small veins under 
a pressure of 8 to 15mm. Hg; in the thoracic veins, which drain into the 
heart, the blood always flows under a pressure lower than atmospheric; 
the blood pressure here is usually 2 to 6 mm. Hg lower than barometric 
(since the values of pressure, considered in relation to atmosphcric pressure 
which is taken for zero pressure of the blood as it enters the heart, is not 
infrequently referred to as negative). 
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If we take the total value of the resistance offered by the entire vascular 
system of the systemic circulation for 100* the resistance of the arterial net- 
work before the blood enters the arterioles will constitute approximately 
20 per cent of this value, that of the entire venous system will be about 
10 per cent, and that offered by the arterioles and capillaries will amount 
to about 70 per cent of the total resistance of the entire blood stream. 
About 3/4 of this value is due to the friction of the blood against the walls 
of the arterioles and 1/4 to the resistance offered to the blood flow by the 
capillaries. These values may vary considerably. ` 





mall Capillor: Veins 
arferies ies near hear! 
Fig. 44. Left-—diagram showing pressure changes in arterics, capillaries and veins; 
right—iagram showing changes in rate of blood flow and (otal width of vascular bed in 
arteries, capillaries and veins, 
a— large armeries; ar - arterioles; ¢ capillaries; ¢ veins. 


Large arteries 





The highest resistance to the blood flow is offered by the arterioles 
because the summary value of the internal surface of all the arterioles 
(their summary surface) is dozens of times as great as the summary 
surface of all the larger arteries while the velocity of the blood flow 
in the arterioles is still high (it is only 1/2 to 1/3 of the velocity of 
the blood flow in the aorta, because the summary section of all the 
arterioles is about three times that of the aorta). The resistance overcome 
by a liquid in its friction against the walls of vessels is proportional to the 
square of its velocity. The relatively high velocity of the blood 
flow in the comparatively long arterioles (whose number is very 
large) with a very large surface against which the blood rubs is 
responsible for the fact that the resistance to the blood flow in the arterjoles 
considerably exceeds that in the system of all the large arteries. 

The number of capillaries in the body is much larger than the number 
of arterioles (there are several thousand million capillaries and only several 
hundred thousand arterioles); the sum of the lumens of all the capillaries 
is, therefore, about 200 to 400 times that of the summary lumen of all the 
arterioles and about 800 times as great as the cross-seclion of the aorta. 
Owing to this the blood in the capillaries flows very slowly. Since the 


+ It is clear that the blood overcomes various resistance depending on the course 
it travels. When we speak of the blood circulation as a whole we mean the sum- 
mary resistance of the vascular channel offered to the flow of the entire blood 


pumped by the heart. 
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capillaries are short and the blood tiows through them slowly they offer 
less resistance to the blood flow than do the arterioles. 

The resistance in the pulmonary circulation is 1/5 to 1/6 that of the 
systemic circulation and the pressure in the pulmonary artery 1s, there- 
fore, 1/5 to 1/6 of the pressure in the aorta. 

Thus, the value of the blood pressure in the vessels is the lower the 
farther the blood has travelled from the heart and is lowest in the arterioles. 

The summary lumen of the vascular bed increases from the aorta to the 
capillaries where it reaches the greatest value; then it decreases again as 
the capillaries drain into the vcins and the veins merge with other veins 
(the total lumen of the two venae cavae entering the atrium is slightly 
larger than the lumen of the aorta). The blood pumped by the heart flows 
successively through the aorta, all the large arteries, the entire channel 
of the capillaries and both venae cavae. The velocity of the blood flow is, 
therefore, the highest in the aorta and the lowest in the capillaries (in the 
capillaries it is 1/600 to 1/800 that of the aorta). In the veins the velocity 
of the blood flow increases again and in the venae cavae reaches that of 
the aortic blood flow. These relations are shown in Fig. 44. 


Continuity of the Blood Flow in the Vessels and Significance of the 
Elasticity of the Arteries 


The heart does not pump blood into the aorta and the pulmonary artery 
continuously, but only during the systoles; during the diastoles no blood 
enters the arteries from the heart. Despite this the blood flows along the 
vessels in a continuous stream; its flow does not cease during the diastoles 
of the heart; moreover, in the arterioles, capillaries and veins far from the 
heart it always flows at a constant velocity which does not alter during the 
various phases of cardiac activity. This is due to the elasticity of the 
arteries and the high resistance to the blood flow in the arterioles. 

During ventricular systole the ventricles pump blood into the arteries of 
the systemic and pulmonary circuits with a considerable speed. Since the 
resistance to the blood flow preatly increases during the passage of the 
blood from the arteries into the artcrioles the blood cannot be drained 
from the arteries with the same speed during systole with which it is 
pumped into them by the heart. The amount of blood contained in the 
arteries during systole, therefore, increases and the arterics are somewhal 
distended by this surplus volume of blood flowing into them during systole 
when the blood is rapidly driven out of the ventricles. 


If, fur example, 8 ml. of blood flows out of the arteries into the arterioles every 
0.1 second, then during systole. which lasts 0.3 seconds, 24ml. of blood flows out 
of the arteries. If 40 ml. of blood is driven into the aorta during the first 0.1 sec. of 
the systole, 20 ml. during the second 0.1 sec. and 10 ml. during the third 0.1 sec. (i.c., 
a total of 70 ml. during the 0.3 sec.), by the end of the systole the distended arteries 
will contain 46 ml. more blood than by the end of the diastole (70 — 24 = 46). During 
the 0.5 to 0.6sec. of the following diastole these 46ml. of blood will be flowing 
through the arterioles into the capillaries and will be moving further along the veins 
towards the heart. 


The distension of an elastic body requires the more energy the less elas- 
tic it is. A distended elastic body collapses when the force which distends 
it ceases to act; the encrgy spent on distending the elastic body is then liber- 
ated. Therefore, when the distension of the arteries by the blood pumped 
into them ceases in the beginning of the diastole the elastic walls of the 
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arteries, which were distended during the systole, start collapsing. At this 
time the energy accumulated by the distended arterial walls in the form of po- 


tential tensile forces changes 
into pressure developed by 
the collapsing arterial walls 
and transmitted to the blood 
contained in the arteries. 

It follows that the pressure 
in the large arteries rises dur- 
ing each systole and lowers 
during each diastole (Fig. 46). 
The longer the diastole the 
more the elastic arteries col- 
lapse. With the usual duration 
of diastole the pressure in the 
arteries does not drop below 
40 to 60 mm. Hg, i.e., by the 
end of diastole the arteries still 
contain more blood than they 
could contain with absolutely 
undistended walls. But if the 
pause between the systoles is 
abnormally prolonged (for 
more than 3 to 5 seconds) the 
arterial pressure dropstozero. 

Thus, during diastole the 
blood in the arteries flows 
under the pressure exerted on 
it by the collapsing elastic 
walls of the arteries. This 
creates the continuity of the 
movement of the blood in the 
vascular system. No new 
energy is produced by the 
walls of the arteries during 
diastole; what we have is only 
the release of the energy of 
the cardiac contraction spent 
on distending the arteries 
during systole. 


Measuring Arterial Pressure; 
Systolic and Diastolic 
Pressure 


Direct methods of measur- 
ing blood pressure. Estima- 
tion of the blood pressure 
(especially arterial) is very 





Fig. 45. Ludwig's (mereury manometer and Fick's 
spring manometer (after N. Kozhansky). 


A apring meanomoter connected with mercury manometer 
(B) Sov calibrating readinga of spring manometer by com- 
poring ita deviations with pressure recorded by merry 
manometer (recorded on kymograph dram). 
Spring manometer: 1 serew on sleeve for tripod; 2? -tube con- 
pected with cunula junertied inte blood vessel, Thia tubi is 
filed with liquid which prevents blood froin coagulating; it 
ondis in small capsule (3) hold fust by serews: capsalo in 
hermetically sealed with thin membrane, By acting on this 
membrane through tube blood pressure is transmitted 
through cone-shaped lane stud (4) to Aat spring (5) eon- 
neeted with lever (8) (nt zero pressure stud just Lourbhwa 
the spring). Tension of spring ean be changed by turn of 
serew (6) which moves lug (7). 
Mercury manometer: 1 flout (ab): 2 eow) with opening limit- 
ing oscillations of Hoat in horizontal plane; J- chranch pieco 
with clamp making possible tilling of annnomeler tube with 
solution whieh prevents blood Irom coagulating; 4  Kerew 
clamp to stop oscillations of merenry in manometer, 
Kymograph drum = shows record: of mercury pressure nnd 
of lover of membrane manometer being calibrated 


THe 
{after N. Kozhansky ). 


important in characterizing the circulation of the blood. When the blood 
pressure is measured directly (in cxperiments and sometimes in the clinic 
—puncture of an artery in opcrations) its value is determined by a mano- 
meter connected with a blood vessel. The simplest. very frequently used 


135 


manometer is a mercury manometer (Fig. 45). A tube (canula), inserted 
into the cut of an exposed blood vessel, is connected with one of the limbs 
of a U-shaped manometer by a system of tubes. The entire system of tubes 
(from the blood to the mercury), is filled with a liquid which prevents the 
blood from coagulating (for example, a solution saturated with sodium 
bicarbonate or magnesium sulphate). The difference in the levels of mer- 
cury in the two limbs of the manometer shows the value of the blood pres- 
sure in millimetres Hg. A pointer fastened to a float on the surface of 
the mercury records all variations in blood pressure on a paper moved by 
a kymograph drum. 

One of the shortcomings of a mercury manometer is its considerable 
inertness, owing to which the picture of the variations in the arterial blood 
pressure is distorted. During brief rises or drops in the pressure the mer- 
cury in the manometer has no time to rise or drop to the level of the real 
pressure. The rapid changes in blood pressure (for example, the variations 
connected with each cardiac cycle) are. therefore, distorted. The variations 
in blood pressure are recorded much more accurately by means of mano- 
meters which have little inertia, i.c., membrane manometers (Fig. 45 
and 48). 

Systolic and diastolic, pulse and mean blood pressure in the arteries. 
During the cardiac cycle the blood pressure in the arteries varies in accord- 
ance with definite laws, rising to its maximum in the first half of each 
systole and lowering to a certain minimum by the end of each diastole. 
We distinguish correspondingly: 

A. Systolic or maximal blood pres- 
sure established in the arteries for a 
brief period 0.1 to 0.12 sec. after the 
beginning of systole (the highest point 


(i 


iil ill 
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Fig. 46. Curve of variations in arterial blood pressure in the dog's femoral artery. 


A--reeord of Pressure made by mercury (somewhat muffled) manometer (top) and hy spring manometer 

(bottom) (the seale is on the right). B oreeord of arterial pressure by apring manometer (N. Danilov): 

the record clearly shows cardiac and respiratory variations and waves of third order in arterial pressure. 
Time intervals - 1 second. 


of the curves in Fig. 46). In man’s large arteries this pressure normally 
constitutes 100 to 125 mm. Hg. 

B. Diastolic or minimal blood pressure established towards the very end 
of diastole (lowest point of the curves in Fig. 46). In man this value is nor- 
mally between 45 and 80 mm. Hg. 

The difference between the values of the systolic and diastolic pressures 
is designated as the pulse pressure. The variations in the systolic and dias- 
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tolic pressures, equal in magnitude and direction, do not affect the value 
of the pulse pressure. 

Mean pressure. It is possible (as it was first done by I. Sechenov) to con- 
nect two limbs of a usual mercury manometer by a rubber tube with a 
screw clamp. If the tube connecting the two limbs of the manometer is 
constricted the mercury will pass through the constricted lumen so slowly 
that the rapid variations in the pressure connected with the cardiac cycle 
will be suppressed and the manometer will show only the resultant of all 
the beats acting on the mercury, i.e., it will reflect the mean figure of blood 
pressure. 

On a curve recorded by a manometer of little inertia the value of the mean pres- 
sure can be determined as the quoticnt resulting from the division of the area (in 
square centimetres), circumscribed by the line of the blood pressure record, by the 
time (in seconds) during which the pressure was recorded. The dividend is the area 
circumscribed by the pressure curve above, the zero line below, and on the sides— 
two perpendiculars dropped to the zcro line from two points chosen at random but 
necessarily similarly located on the curve. 


Determination of blood pressure in man. The blood pressure in man is 
usually measured (by a bloodless method) in the brachial artery. An elastic 
cuff of a sphygmomanometer 
enclosed in  nonextensible 
material is placed about the 
arm. By pumping air into the 
cuff under control of a mano- 
meter we determine the value 
of external pressure which 
balances the blood pressure 
in the compressed (brachial) 
artery. The pressure in the 
cuff is transmitted through 
the skin to the muscles and 
vessels, which pass through 
the upper arm, and to the 
brachial artery, in particular. 
In order fully to compress the 
artery we must apply pres- 
sure from without equal to Fig. 47. Sphygmomanometer ot Riva-Rocei. 
the blood pressure in the 
compressed vessel (plus the pressure needed to overcome the resilicncy 
of the vascular wall and the soft tissues which cover it). 

When the brachial artery is fully compressed the pulse waves in the arte- 
ries distal to the compressed site of the brachial artery disappear. The dis- 
appearance of the radial or ulnar pulse, therefore, corresponds to the 
moment when the pressure exerted by the culf on the brachial artery 
barely exceeds the maximal value of the blood pressure in this vessel. The 
value of arterial pressure equals the value of the pressure in the cuff placed 
about the arm under which the pulse waves below the cuff, for example, 
in the radial artery are no longer palpated. 

By opposing the pressure in the cuff, which compresses the arm, to the 
blood pressure in the artery we measure along with the blood pressure in 
the vessel also the force of the blood stream plus the pressure required to 
overcome the resiliency of the arterial wall and the soft tissues of the arm; 
the local factor—the degree of resiliency of the tissues and arteries at the 
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compressed point—is added to the phenomena which characterize the car- 
diovascular system as a whole (the value of arterial pressure). 

“Korotkov” sounds. Under a certain pressure characteristic sounds are 
auscultated through the phonendoscope in the artery distal to the portion 
of the arm compressed by the cuff. These sounds were discovered in 1905 
by N.Korotkov at M. Yanovsky’s clinic in Pelersburg. The sounds now 
called the Korotkov sounds the world over arise almost suddenly when the 
pressure in the cuff placed about the arm reaches a value normally 
between 50 and 70 mm. Hg. With a rise of the pressure in the cuff to about 
100 to 120 mm. Hg the sounds suddenly disappear. 





Fig. 48. Graphic determination of maxima and minimal blood pressure in man. 


A spring manometer for sphygmogram creeurding (compared with other parts of iHustration manometer 

is enlarged): 7--light lever driven by flat spring (2); muynitied movements of this lever are ceeordod on 

kymograph by lover (3): pulsation of radial artery is tranamitted to rubber capsule (4) of sphygmograpl 

(8) and thence through nonextensible tubo to capsule (3) of spring manometer, With rise in preaaure 

in eul (M) which compresses brachial artery by nir being let into it from balloon (C) through tap (7) 

und tube (8) characteristic changes in sphygmogram occur. During examination tap (6) is closed (after 
N. Danilov). 


In practice when measuring the arterial pressure we use the so-called decom- 
pression method. First, we intentionally raise the pressure in the sphygmomano- 
meter cuff to a point higher than systolic and then gradually let the air out of the 
cuff. The first Korotkov sounds appear the moment the pressure in the cuff drops 
slightly below systolic; this is due to the fact that at this moment blood begins to 
penetrate into the distal portion of the artery during systole and distends the arter- 
ial walls. When the pressure in the cuff drops slightly below diastolic the pulsations 
in the arterial wall distal to the cuiT sharply decrease. This is probably due to the 
fact that when the pressure in the cuff drops below diastolic the artery over which 
the sounds are auscultated during diastole is not empty (the blood penetrates into 
it under the cuff also during diastole). Thus, the sounds over the ulnar artery dis- 
appear when the pressure in the cuff equals diastolic, i.c., minimal. 


The maximal and minimal blood pressures in man can also be recorded 
graphically by registering the pulse waves of the radial artery during the 
compression of the brachial artery (Fig. 48). The value of the pressure in 
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the sphygmomanometer cuff at which the amplitude of the pulse waves in 
the radial artery begins to decrease is close to that of the minimal pressure 
in the brachial artery, whereas the pressure at which the peripheral pulse 
mene is close to the maximal arterial pressure (N. Danilov; Figs. 48 
an ; 
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Fig. 49. Dotermination of systolic and diastolie blood pressure by method itus- 
trated in Wig. 4S. 
Mn level of diastolic pressure correspondings to pressure in ewlt whieh compresses nem at the time 
amplitude of pulsations begins to deerense; Ma level of aystulie pressure (pressure in ewT which 
causes pulsations recorded by sphyymograph to disappear). Lower heavy line shows presaure 
in euff compressing arm. Botton time intervals (1 second) Gafter N. Danilov). 


Oscillometric registration of mean pressure in man. When a stream of 
blood penetrates into the artery compressed by the cuff during systole the 
pressure in the artery rises. The rise in pressure is, naturally, transmitted 
from the artery to the cuff. These variations in pressure can be registered 
as follows (Fig. 50): 

The tube running from the cuff is connected with the cavity of the manometer 
contained in a hermetically sealed case with a glass lid. The cavity of the case 
is connected with the same tube that runs from the cuff 1o the manometer. The 
connecting tube has a tap by which the cavity of the case can be shut off from the 
cavity of the cuff or the opening of the connecting tube can be constricted or dilated. 
If the pressure in the cause cquals that in the capsule of the manometer the latter 
will show no deflection. But 
if the cavity of the casc is 
shut off from the cavity of 
the cuff after the pressure M H 
in the cuff rises to, say, 60 mm. 

Hg (the capsule remains con- 

nected with the cuff) the 

manometer will show all the 

variations in the pressure 

above the pressure level in the A Z 
cavity of the case. 

With this method it turns 
out that the variations in 
pressure in the cuff, ic., the 
beats of the artery become 
maximal when the pressure Fig. 50. Pachon’s sphygmomanometer for measuring 
e ina gha id annda and aan (and by opinion of a number of 
stolic. E SING ia authors maximal and minimal) pressure n arteries. 
Vostigators believe (Yarotsky B owt: He pump for blowing uair into system; A -~ ehamber anr- 

ert $ > rounding barometric capsule (C) whose wall oscillations are 
Savitsky). The value of the transmitted to needle (Y) and are recorded on senle of ancroid 
Mean pressure iS more CON-  jarometer(J) graduated from Oto 300mm. Hg: 4 «clamp by which 
stant than the values of the interior of cuff (B) can be disvonneeted From chamber (1) (when 


systolic and the diastolic elamp in shut all pressure oscillations in eult are trangmitted to 
pressures. capsule); K tap for letting air out of the system. 


139 


Normal Values of Arterial Pressure in Man 


The value of the blood pressure may vary with a number of factors (see 
below). However. if the blood pressure is measured under strictly constant 
conditions this value in healthy humans turns out to be constant. During 
complete physical and mental rest the normal value of the systolic blood 
pressure in a human being 20 to 40 ycars old may be taken as 100 to 
125 mm. Hg, the diastolic pressure—60 io 75 mm. with a pulse pressure of 
35 to 55mm. The first two values somewhat increase with age, and in 
people 50 to 60 years old the systolic pressure is usually 120 to 140 mm. 
As to the diastolic or minimal pressure it either remains unchanged or 
even drops slightly. 

The blood pressure lowers somewhat during sleep; even in the absence 
of sleep it is lower at night than during the day (diurnal periodicity). Con- 
siderable muscular work, as well as any emotional stress, provoke a rise 
in blood pressure. 

The blood pressure in the arteries exerts an essential influence on the 
blood circulation. The dilference between the blood pressures in the be- 
ginning of the arterial and at the end of the venous systems depends on the 
value of the blood pressure in the large arteries, because the blood pressure 
in the venae cavae at the point of entrance into the right atrium is quite 
constant. Under normal conditions the absolute value of the blood pressure, 
therefore, determines the velocity at which the blood flows along the vas- 
cular system. 

Effect of changes in cardiac activity on arterial blood pressure. Any 
increase in the amount of blood pumped by the heart into the artcries per 
unit of time, everything else being equal, leads to a rise in the arterial 
blood pressure. 

If the increase in the minute volume of the heart is due to an increase 
in the stroke volume the systolic pressure rises somewhat more than the 
diastolic. If, on the other hand, the increase in the minute volume of the 
blood pumped into the arteries is a result of a faster heart rate with a lower 
stroke volume of the heart it is mainly the diastolic pressure that rises be- 
cause during the shorter period of diastole the pressure in the arteries 
drops less than during the longer period with a slower heart rate; the pulse 
pressure also drops somewhat, accordingly. 

Since the pressure in the arteries during diastole drops the slower heart 
rate, everything else being equal, must cause a drop in the diastolic pres- 
sure. 

Effect of changes in the arteriolar resistance on arterial blood pressure. 
If the lumen of the vascular system is constricted, which is due primarily 
to a constriction of the arterioles, but the amount of blood pumped by the 
heart has not changed, the same amount of blood now flows through the 
narrower stream as did through the wider stream before. Consequently, the 
linear rate of movement of the blood through the arterioles increases. Since 
the expenditure of energy on overcoming friction is proportional to the 
square of the velocity of the movement of liquid the flow of the blood 
through the arterioles can be accelerated only by increasing the expendi- 
ture of energy. Inasmuch as the energy is communicated to the blood 
only by the work of the heart it is clear that an increase in the resistance 
of the arterioles must lead to an increase in the potential energy imparted 
to the blood by the heart, this increase being responsible for the rise in 
arterial pressure. This may be accomplished only if in pumping an in- 
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variable volume of blood against greater resistance the heart contracts 
with greater force. Consequently, a constriction of the vessels, especially 
of the arterioles, everything else being equal, leads to an increase in the 
arterial pressure. 

With a constriction of the arteriolar lumen and a concomitant increase 
in the resistance to the arteriolar blood flow the diastolic pressure shows 
a particularly sharp rise. The systolic pressure also rises, however, because 
an increase in the resistance to the flow of blood in the arterioles leads to 
an increase in the work of the heart. 

The most appreciable changes in arterial resistance are due to alterations 
in the arteriolar lumen of the abdominal organs and—to a lesser extent— 
of the skin. A considerable dilatation of the small arteries in the abdom- 
inal cavity suffices to cause a sharp drop in the arterial blood pressure 
(to 50 and less mm. Ig) which cannot be equalized cither by an increase 
in the: work of the heart or by a constriction of vessels in other organs. 
A rise in resistance in the arterioles of the abdominal cavity leads, con- 
trariwise, to a sharp rise in the blood pressure. up to 200 and more mm. Hg. 
This is explained by the fact that with a dilatation of the arterioles in 
the abdominal cavity a large amount of blood (up to 3°4 of its total amount) 
flows into the abdominal organs (into their arterioles, capillaries and 
veins). 

Effect of changes in the amount of blood on the blood pressure. An 
increase in the amount of blood circulating in the vascular system raises 
the blood pressure because, everything else being equal, an increase in the 
mass of blood moved by the heart always leads to an acceleration of its 
flow and, consequently. to an increase in the resistance to the blood flow. 
A decrease in the amount of blood circulating in the vascular system. 
everything else being equal, causes a drop in the blood pressure. 

Effect of the size of the lumen of capillaries and veins on arterial blood 
pressure. The resistance to the blood flow in the capillaries and veins is 
relatively low compared with that in the arterioles. The elfect of the varia- 
tions in the size of the lumen of these vascular regions on the value of the 
blood pressure is determined not so much by the ensuing changes in the 
general resistance to the blood flow as by the altered conditions for the 
return of the blood to the heart. A considerable dilatation of the vascular 
channel in the capillaries and veins leads to considerable congestion in 
them. The flow of blood (o the heart decreases and the blood pressure drops 
as in a decrease in the mass of blood. On the contrary, a constriction of the 
capillaries and veins over a large body area leads to a flow of the blood 
away from them into the large veins and thence to the heart. The work 
of the latter increases and the arterial pressure, everything else being 
equal, rises until the Now of the blood to the heart decreases to its former 
value. 

Effect of the viscosity of the blood on blood pressure. The more viscous 
the blood, the higher its friction against the walls of a vessel and, consc- 
quently, the greater the resistance offered to its flow in the vessels. Every- 
thing else being equal, an increase in the viscosity of the blood must lead toa 
rise in the arterial blood pressure. The blood becomes more viscous as the 
amount of erythrocytes per unit of its volume increases. Changes in the 
viscosity of the blood play a subordinate role among the factors determin- 
ing the blood pressure because normally the viscosity of the blood does not 
alter significantly. In certain pathological states the increased viscosity of 
the blood may be of great importance. 
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Variations in Arterial Blood Pressure 


The curve of the record of arterial blood pressure shows (Figs. 46 and 51) 
that in addition to the variations in pulse pressure (waves of the first order) 
there are also variations connected with respiration (waves of the second 
order). The blood pressure somewhat rises with each inspiration and drops 
a little with each expira- 
tion. There are several 
reasons for these respira- 
tory waves on the blood 
pressure curve: an in- 
creased blood flow to the 
heart. during an inspira- 
tion, a concomitant accel- 
eration of the heart and 
also the fact that the 
stimulation of the res- 
piratory centre (Chap- 
ter 22) alfects the inner- 
vation of the vessels caus- 
ing a slight constriction 
of the arterioles. 

Very large respiratory 
waves are sometimes 
noted on the blood pres- 
sure curve. Such waves 
(Traube-Hering curves) 
are observed during ab- 
normally slow respiration 
and are conditioned by 
the rare “explosions” of 
the strong excitation in 
the respiratory centre. 

The blood pressure 
E EA OEE ad P ad curve (sce Figs.46 and 51) 
t-—Dblood) prewtur curve (mercury manometer) with pulae waves f 
clearly viaible (amall and numerous notches), respiratory waves NOt infrequently shows 


each embracing 1-12) puio waves, and slow waves (3 waves) slow waves each taking in 


of third order unconnected with respiratory movements (after . 
Rozhansky); B- blood pressure curve after separating cercbral a period of several res- 


hemispheres from medulla oblongata and spinal cord. Vagi have piratory movements and, 
a E Mond prenars pressing stwrmals consequently, not directly 
background of tho latter. connected with respira- 

tion (they are called 

waves of the third order or Meyer's waves). They are, no doubt, dependent on 
changes in the nervous centres which influence the width of the vascular 
channel. These waves arise when insufficient blood flows to the cerebrum 
and during increases in intracranial pressure, but may also be due to func- 


tional changes in the cerebral cortex. 





Fig. 51. 


Blood Flow and Blood Pressure in the Veins 


The blood can flow only from a region of higher pressure to a region of 
lower pressure. The pressure in the “beginning” of the venous system near 
the capillaries varies between 80 and 200 mm. H,O. 
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The pressure in the veins is measured by the same manometers as in the 
arteries, but because of the low value of the venous pressure use is ordi- 
narily made of a manometer filled with water rather than mercury. The 
venous pressure is easily measured in man directly by connecting a mano- 
meter through tubes filled with a fluid to a ncedle inserted through the 
skin into a superficial vein, usually the ulnar. 

A small but still positive pressure in the beginning of the venous system 
is due to the remainder of the driving force communicated to the blood 
by the work of the heart and not spent on overcoming friction in the 
arterioles and capillaries. This force is called vis a tergo (driving force) and 
is an important factor in the flow of the blood along the veins. 

The second factor, which facilitates the Aow of blood to the heart, is the 
negative pressure in the thoracic cavity exerted on the blood through the 
thin venous walls and partly through the thin wall of the right atrium. The 
reasons for this phenomenon will be considered in the study of respiration. 
Suffice it to say, meanwhile, that the pressure in the veins of the thoracic 
cavity is 4 to 7mm. Hg lower than almospheric during an inspiration and 
3 to 5mm. Hg below atmospheric during an expiration. Because of this the 
difference in pressures between the beginning of the venous system and 
the point where the venae cavae enter the heart increases and facilitates 
the flow of the venous blood to the heart. 

The third factor, which influences the flow of blood to the heart, is the 
activity of the skeletal muscles. Harvey was one of the first to observe that 
the contractions of skeletal muscles compressed the thin-walled veins 
running in-between the muscles. Under the circumstances the pressure in 
the veins rises and, since the venous valves do not let the blood flow to- 
wards the capillaries, any local rise in the venous pressure due to compres- 
sion by the contracting skeletal muscles aids in driving the blood towards 
the heart (muscular pump). However, the skeletal musculature influences 
the circulation only when the muscular contractions alternate with 
relaxations because only then do the veins alternately fill and empty. 
That is why in walking, for example, the conditions for the flow of the 
blood from the muscles to the heart are much more favourable than in 
standing. 

The pressure exerted by the diaphragm on the abdominal organs in res- 
piration is of certain importance to the venous blood flow. During an in- 
spiration the diaphragm lowers and presses on the organs of the abdominal 
cavity; at this time the blood is pressed out of the abdominal organs into 
the region of the portal vein and from the system of the latter into the 
vena Cava. 

The drop in the absolute value of the pressure in the veins of the tho- 
racic cavity which occurs during an inspiration also aids in increasing the 
flow of blood to the heart. 

The walls of all the vessels located below the heart when the body is in 
a vertical position are affected by a hydrostatic factor—the gravity of the 
blood column. This leads to an accumulation of blood in the vessels located 
below the heart and to their distension, especially the veins which distend 
much easier than the arteries. However, the contraction of the musculature 
of the vascular walls prevents a considerable accumulation of blood in the 
venous vessels. If the vascular musculature does not regulate the circu- 
lation or does it inadequately when the body is in a vertical position large 
amounts of blood accumulate in the veins of the extremities and of the ab- 
dominal cavity. 
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The veins are extraordinarily easily distended even by a slight increase 
in the pressure of the blood that fills them. Owing to this the venous system 
is a reservoir of variable capacity and is able to hold at least 2/3 of the 
blood found in the body. 

Significance of the value of venous pressure. The pressure in the medium 
caliber veins is normally 60 to 80 mm. H.O. The constancy of this value is 
important to normal circulation. A rise in venous pressure (up to 200 to 
250 mm. H,O in the veins of the arm) leads to a rise in the capillary pres- 
sure. This creates the conditions for an increased penetration of fluid into 
the tissues (p. 75) which explains the frequent cases of oedema during 
rises in venous pressure. Such a rise in venous pressure occurs in certain 
diseases, for example, in tricuspid insufficiency and in weakencd activity 
of the right ventricle. 

Low venous pressure (10 to 30 mm. H:O) in the region of the medium 
caliber veins leads to a decrease in the difference of pressures between the 
capillaries and the right atrium. Owing to this the flow of blood to the 
heart is impeded with resulting phenomena of venous congestion—over- 
filling of the veins with blood. 


Velocity of Blood Flow 


In addition to the blood pressure in the various divisions of the vascular 
system circulation is also characterized by the velocity of the blood flow. 
A direct determination of the velocity of the blood flow in the arteries 
and veins is possible only in an experiment on an animal (Fig. 52 shows the 
apparatus which first made it possible to take such measurements). 


In order to determine the intensity of the blood Now high frequency electric cur- 
rent is passed through a vessel. It is clear that, everything celse being equal, the tem- 
perature of the blood heated by the current will rise the higher the less blood flows 
through the vessel. By determining the temperature of the blood in the portion 
where the current was passed through the vessel it is casy to find out after a re- 
quired calibration of the apparatus how much blood has flown through the vessel. 
The temperature of the blood is determined here by the deviations of the galvano- 
meter (thermo-electric method) and these deviations are photographed on sensitized 
paper moved by a kymograph. A record of the intensity of the blond flow is thus 
made. The negligible inertia of the apparatus makes it possible to account for the 
variations in the value of the blood flow during brief periods of time, for example, 
during the various phases in the cardiac cycle. 

It is usually difficult to determine the velocity of the blood flow and the amoun! 
of blood flowing through a given vessel (volume velocity of the blood flow); deter- 
mination of the variations in the volume of an extremity depending on its filling 
with blood is more frequently used (p. 171). 


The velocity of the blood flow in the capillaries can be established by 
observing in a microscope the velocity of the flow of an individual eryth- 
rocyte through a capillary. 

Circulation time refers to the time (in seconds) it takes a drop of blood 
to traverse both the systemic and the pulmonary circuits. This time is 
determined as follows: a harmless dye or radio-active isotopes are injected 
into a vein, for example, the ulnar. When the portions of the blood, con- 
tinuously collected from the same vein on the opposite side, show traces 
of the injected substance it means that il has travelled together with the 
blood along the vein from the point of injection to the right heart, traversed 
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the pulmonary circuit, entered the left atrium, covered the entire systemic 
circuit and reached the same vein on the opposite side. ` 

The total time the blood requires to travel the entire circuit is laken approx- 
imately at 25 pulse beats (20 to 25 seconds). With an acccleration of the 
pulse it decreases correspondingly. It takes 
the blood approximately 10 to 12 seconds 10 
flow through the pulmonary circuit and the 
heart (from vein to artery). 


Injection of certain substances into the blood is 
ulso frequently made use of for determining the rate 
of the blood flow: by stimulating the receptors 
located in the region of the division of the carotid 
artery these substances reflexly cause a chanse in 
respiration (a deep inspiration). Here we, conse- 
quently, have the interval of time between the 
injection of lobeline into the blood and the change 
in respiration which includes the time it took the 
blood to pass from the ulnar vein to the right heart, 
the time of its flow through the pulmonary circuit 
and the time it required to Wow from the heart to 
the division of the carotid artery. Since the blood 
flows fast through the large veins and arteries this 
method actually determines mainly the velocity of 
the blood flow through the pulmonary circuit. The 
use of this method (Teplov) hus shown that it nor- 

takes the blood an average of 12 seconds to 
the aforesaid distance. 





Fig. 52. Ludwigs stromuhre. 


Tube fis attached to proximal portion 
of severed artery nnd tube 2 to its 
distal portion, Jo the beginning el 


experiment: vessel 4 is Alet with oit 


Circulation in the Capillaries 


Investigating the capillaries. The study of 
capillaries involves microphysiological inves- 
tigation of minutest objects. In living Lissues 
we can sludy the capillaries on the surface of 
internal organs (kidneys, intestines, mesentery, 
muscles, brain, etc.) under a microscope. The 
capillaries of the human skin and in the nail 
bed are also easy to study; with a strong light 
it is not hard to discern in the microscope 
(Fig. 53) the loops of these capillaries (capil- 
laruscopy). The study of tissue preparations 
whose capillaries are filled with a dye is an 


and vessel 3 (of (he same eapmecity as 
vessel J) with saline. When blood 
fills vessel J the oil contained m it 
will puss into vessel 3. while saline 
will he forced from the latter ante 
dintal oud of artery. When veasel 3 ia 
fied with oil (and vessel 2 with blood) 
movable frame 5, on whieh vesscla 
Fand i are fastened, it turned ao that 
vessel Zis now connected with vibe 2 
and ail-eontaining vessel in connected 
with tube Z. Sinee we know capacity of 
vessels and number of times we had to 
turn Trane during dedinite: period we 
ean easily compute amount of blood 
that las flown through the meter, 








important method of investigating the capil- 
laries. The preparations are made of tissues that were in various functional 
states before the moment of fixation (A. Krogh). 

Indirect methods are ordinarily employed in determining the valuc 
of the capillary blood pressure. For cxample, a record is made of the load 
which must be put on a glass plate placed on the nail in order to turn the 
nail white which will occur when the load slightly exceeds the blood 
pressure in the capillaries. ; 

Properties of precapillaries and capillaries. The length of each capillary 
does not exceed 0.2 to4mm. and the width, i.e., the diameter of the lumen, 
about 0.007mm. Thus, the volume of each capillary is extraordinarily 
small, measuring millionths of a millilitre; at the rate of the blood flow 
through them corresponding to about 5mm. per second (A. Nesterov) it 
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takes 1 mm." of blood several hours to flow through each capillary. The 
low rate of the blood flow through each capillary is compensated by their 
vast numbers (up to 3,000 capillaries per 1 mm.’ of active tissue). 

The true capillaries, i.e., the vessels whose walls are made of only one 
layer of endothelial cells, begin from the minutest arterioles called precap- 
illaries. The walls of the precapillaries, i.e., the terminal divisions of the 
arterioles, still contain a certain number of muscle fibres. 

The true capillaries form loops which begin at the precapillarics and 
enter either other precapillaries or veins. At the point where the capillary 
arises from the precapillary there is fre- 
quently a precapillary sphincter—a circular 
cluster of smooth-muscle fibres which 
engird the capillary and are innervated by 
sympathetic nerve fibres. Contraction of 
a precapillary sphincter may completely 
exclude the corresponding capillary from the 
blood flow. 

Various nerve endings of efferent fibres 
have been traced to the precapillary arteri- 

' oles and to the miniature sphincters encir- 

Fig. 53. Capillaries in nuil-bed of cling the sites where the capillaries arise. 

human finger. Some authors deny the presence of efferent 

nerve endings in the walls of the capillaries, 

but the presence in the capillaries of endings of afferent vessels whose 

other branches terminate in the tissues surrounding the capillaries has 
been very definitely established (mainly by B. Lavrentyev's associates). 

The walls of capillaries are made of endothelial cells and of an inter- 
cellular cement substance which fills the entire space between these cells. 
This substance is constantly renewed by the activity of the endothelial 
cells of the capillaries, and the permeability of the capillary walls has of 
late been ascribed precisely to this intercellular connective substance of 
the capillary wall. 





It is logical to assume the existence of direct nervous influences on the permc- 
ability of the capillary walls. However, there are no experimenta! data confirming 
such influcnce as yet except the facts which testify to the cxistence of reflex in- 
fluences from the intestinal receptors on the permeability of the alveolar septum 
(p. 197) consisting of the walls of the capillaries of the pulmonary artery and the 
wall of the pulmonary alveolus. 


Contractility of capillaries. The capillaries have the ability to contract 
owing to which the lumen of the capillary can be entirely occluded 
(Fig. 54), constricted or dilated. According to Krogh the resting muscle of 
the guinea-pig has only 100 to 200 open capillaries per 1 mm.?, the others 
being closed. In a muscle which is in a state of maximal activity the 
number of open capillaries increases to 3,000 per 1 mm.}, while the sum- 
mary volume of all the capillaries may reach 10 per cent of the volume of 
the muscle. In the resting muscle of the frog the distance from onc capil- 
lary to another is up to 0.8 mm., while in active muscles this distance de- 
creases (o 0.06 to 0.1 mm. 

It follows that the number of functioning capillaries (along which the 
blood flows) varics with the stale of the tissues these capillaries nourish. 
The higher the metabolism of a tissue the more open capillaries it has and, 
consequently, the larger the surface of contact between the tissue (the tis- 
sue lymph, to be exact) and the blood. 
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Most investigators studying this question acknowledge that the capillary walls 
have the power of independent contractility. It has been demonstrated in a num- 
ber of cases that the size of the capillary lumen alters independently of the pressure 
changes in the arterioles which carry blood to these capillaries. Alterations in the 
capillary lumen may be observed even after tying off the artery which nourishes 
these capillaries. Besides, the closed capillaries do not open even when the pressure in the 
arteries is artificially 
raised 50 mm. above nor- 
mal. We must, therefore, 
assume that the capillary 
wall may relax indepen- 
dently of the value of the 
blood pressure undcr the 
influence of as yet un- 
known factors. 

Some investigators be- 
lieve that the capillaries 
close because of the con- 
traction of the adven- 
titious cells, the so-called 
Rouget cells, located in 
the outer wall of some 
portions of the cupilla- 
ries; it is more probable, 
however, that by con- 
tracting or swelling up 
the endothelial cells may 
alter the cupillary lumen 
and that the contraction 
and relaxation of the 
precapillary sphincters 
also play an essential 
part in the opening 
and closing of the capil- 
laries, 





The _ precapillaries 
are alternately rhyth- 
mically constricted Fig. 54. Capillaries in cerebral cortex. Closed capillary 
and dilated, being seen in contre (after B. Klosuvsky). 
mostly constricted in 
resting tissues. As the tissue metabolism increases the periods of the pre- 
capillary dilatation grow longer and the precapillarv sphincters, until then 
closed, open. The regulation of these processes requires further study. 


Blood Depots 


Not all the blood of the vascular system equally participates in circu- 
lation, Let us examine Fig. 55. The top shows a lateral cul-de-sac, capable 
of considerable distention, arising from the blood vessel. It is clear that 
if the wall of this sack relaxes the sack will become distended and its 
cavity will hold a considerable amount of blood. This blood will be stored 
away, as it were, and wil] not take part in the circulation until a contrac- 
tion of the wall of this storchouse brings the blood out into one of the 
vascular thoroughfares. 

The spleen as a blood depot. The vascular system of the spleen resembles 
the aforesaid system; S. Botkin, the first to describe this system, showed 
that considerable congestion may occur in it. Bareroft showed that 10 to 
20 per cent of the dog's blood may be slored in its spleen (in man, appar- 
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ently, somewhat less—8 to 12 per cent). Such overfilling with blood leads 
to a considerable increase in the size of the spleen. If the spleen of the 
animal is brought out under the skin or through a cut in the skin to the 
exterior the changes in the size of the spleen can be measured. 

When the smooth musculature of the spleen is relaxed the blood stays 
in its distended vessels—lacunae, but when it contracts the blood is forced 
out into the general bloodstream. The muscles of the spleen contract re- 
flexly in pain, muscular work, oxygen insufficiency and at high tempera- 

ture. Various agents coinciding in 

| time with muscular work and pain 

I cause the spleen to contract because 

of the development of conditioned 

—— reflexes (Bykov). 

Inthe spleen the functions of ablood 

Ne ae depot are most clearly pronounced 

oY > = . because the blood accumulated in its 

—— SSE vessels is practically completely ex- 

0 a. cluded from the circulation; the blood 

=———_— deposited here mixes with the circu- 

-xA lating blood so little that even after 

Fig. 55. Dingram of three 30 minutes of inhaling carbon mon- 

depots, oxide this blood barely contains any 

carboxyhacmoglobin. The methods of 

determining the amount of blood take into account only the circulating and 

not the stored blood. Due to a relatively lower plasma content the number 

of erythrocytes in the stored blood is 20 to 40 per cent higher than in the 
circulating blood. 

The liver and lungs as blood depots. The liver may be regarded as a 
depot though the blood it contains is not excluded from the general blood 
flow. Constriclion of the hepatic veins leads to a state in which more blood 
temporarily flows into the liver than out of it. The surplus is stored in the 
distending vessels of the liver. The structure of this depot is shown in 
Fig. 55 (bottom). 

The same thing may occur in the lungs. Depending on the degree of 
dilatation the vessels of the lungs, like those of the liver, may hold vary- 
ing amounts of blood. 

The skin as a blood depot. A certain incomplete exclusion of part of the 
blood from the general circulation is also observed in the so-called by-pass 
(Fig. 55), even less complete in the middle, during the dilatation of the 
vascular channel of the skin (sce bottom of Fig. 55). By dilating the vessels 
of the subpapillary layer can also hold a considerable amount of blood (up 
to one litre). This blood is not mobile and is retained here, while the blood 
flows rapidly only through the capillaries which form a sort of “short cir- 
cuit.” The arterial-venous anastomoses encountered in certain parts of the 
skin, by dilating, aid the blood which flows through the skin considerably 
to by-pass the subpapillary rete of the capillaries and the venules. The 
dilatation of these plexes, consequently, leads to a temporary exclusion 
of a considerable amount of blood from circulation in the vascular 
system. The flow of the blood into the vascular anastomoses of the skin 
of the lower extremities probably explains why the amount of the 
circulating blood decreases in many people when they assume a vertical 
position. 


148 


CHAPTER 16 
MECHANISMS REGULATING THE VASCULAR TONE 


Having considered the conditions determining the flow of blood through 
the different divisons of the vascular system we must. examine the mech- 
anisms which regulate the blood pressure and the blood flow to various 
organs. This regulation (we shall not consider the changes in the work of 
the heart for a time) involves primarily the width of the dilferent divisions 
of the vascular channel, mainly the artcrioles which I. Sechenov termed 
the taps of the vascular system. 


Vascular Tone 


The lumens of all vessels are determined chiefiy by the state of their 
smooth musculature, while those of the capillaries, probably, by the state 
of the endothelial cells and of the smooth musculature of the precapillary 
sphincters. 

In the large arterial trunks (aorta, innominate artery) the amount of 
muscular elements is small compared with the elastic tissue; in the arteries 
of a lesser diameter the thickness of the muscular layer increases in com- 
parison with their total thickness, while in the arterioles the muscular 
elements form the main mass of the vascular wall. Most of the smooth 
musculature of the vessels is formed of circular fibres. 

Smooth muscles are characterized by their capacity for sustained con- 
traction and tension. Sustained tension of a muscle without signs of fa- 
tigue is referred io as the tone of the muscle. When the tone of the smooth 
circular musculature is high the lumen of the vessels is small. Even con- 
siderable pressure within the vessel cannot greatly stretch the musculature 
and docs not lead to an appreciable dilatation of the vascular lumen. Con- 
trariwise, when the musculature has a low tone the lumen of the vessels is 
wide and a rise in the intravascular pressure dilates the vessels still more. 
Thus, the size of the arteriolar lumen is determined by the tone of the 
smooth circular musculature of the arterioles. 


Vasoconstrictor Nerve Fibres 


Sympathctic nerve fibres run to all blood vessels and conncct the smooth 
vascular muscles with the central nervous system. They arise from the tho- 
racic and upper lumbar segments of the spinal cord in its anterior roots and 
reach the cells of the sympathetic ganglia from which postganglionic fibres 
run to the vessels. 

Vasoconstrictor effect of the sympathetic nerve fibres. The impulses 
transmitted over the sympathetic nerve fibres constrict the vessel, mainly 
the arterioles, in a number of regions of the circulatory system. In 1842, 
A. Walther noted a dilatation of the vessels in the foot of the frog after 
cutting the sympathetic fibres of the sciatic nerve. It was later found that 
if the sympathetic nerve was cut in the neck the skin of the head and of 
the ears grew red and warmer. When the peripheral portion of the severed 
sympathetic nerve, in this case the portion running to the head, was stim- 
ulated the skin which turned red after the nerve had been cut grew pale 
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and cold. This experiment is particularly effective if we judge about blood 
filling by the colour of the white rabbit's ear. It was precisely in such an 
experiment on the rabbit's ear that Claude Bernard discovered (1851) 

the effect of cutting and stimulat- 


er), ing the sympathetic fibres on the 
4 vessels of mammals (Fig. 56). These 
ot . 
ae <T experiments performed by Walther 
w f JA Ex and Claude Bernard laid the basis 


for the theory of circulatory reg- 
ulation. 

If we cut the sympathetic fibres 
running to the head, to the upper 
or lower extremities or to the ab- 
dominal cavity (Fig. 57, left) the 
denervated vessels will dilate. If we 
stimulate these nerve fibres the 
vessels will become constricted 
(Fig. 57, right). After cutting the 
splanchnic nerve the vessels of the 
abdominal cavity dilate and the 

i, blood pressure drops. Stimulation 
of the splanchnic nerve produces 
a constriction of the vessels of the 
abdominal cavity which provokes 
a considerable rise in the blood 
pressure. The same effect (Fig. 58) 
is observed when stimulating the 
Fig. 56. Blood vessels in the rabbit's car; on spinal cord in the grey matter of 
Tight side where vessels arc sharply dilated ` . . 
syimputhetic trunk is eut (experiment. by which lie the nerve cells whose 
Claude Berna a), axons (sympathetic preganglionic 
fibres) transmit the vasoconstrictor 
influences (the fibres of the splanchnic and other nerves). 

It follows from these facts that the sympathetic nerve fibres constrict 
the vessels of the skin and the vessels of the organs of the abdominal 
cavity; they are, therefore, called vasoconstrictor nerves or vasoconstrictors. 
The vasoconstrictor sym- 
pathetic nerve fibres pro- 
pagate impulses which Corfex 
increase the tonic con- £ 
traction of the circular 
musculature of most of 
the arterioles of the ab- 





dominal organs and of 
the skin. f g = See! 
8 


The vessels of the upper 

extremity are innervated by Fig. 57. Effect. of cutting (a) and stimulating (b) the 
fibres given off by the cells dog's cervical sympathetic nervo on amount of blood 
located in the lower cervical flowing through one of the facial musclos (sce dosignation 
and the upper thoracic sym- “muscle™) and through parietal region of cerebral cortex. 
pathetic ganglia; the vessels Middio linn showu blood pressure. Left- -aymputhotie eervieal trunk 
of the head are innervated has boun eut at moment indicated by arrow; right (during the time 
by fibres arising from the shown by white rectangly) ita distal portion (running cophalad) is 
cells of the cervical ganglia; stimulated (aftor B. Klosovaky). 
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the vessels of the abdominal cavity are innervated by fibres mainly of the splanchnic 
and mesenteric ganglia; the vessels of the lower extremities receive fibres of the X-XII 
thoracic and of I-III lumbar ganglia. The sympathetic vasoconstrictor fibres run 
to the vessels of the abdominal cavity in the trunk of the splanchnic nerve, while 
to the vessels of the extremities they travel in two ways: together with the vessels 
by running in their walls and in large nerve trunks running off from the latter to 
the vessels. 


The vasoconstrictor action of the sympathetic nerve fibres is clearly 
pronounced as regards the vessels of the skin, the abdominal organs, the 
kidneys, the meninges 
and, apparently, the 
lungs. The sympathetic 
fibres do not sharply 
affect the vessels of ac- 
tive skeletal muscles. 
Stimulation of the sym- 
pathetic fibres dilates 
the vessels of the heart. 

Constriction of capilla- 
ries and veins is ob- 
served in response to the 
stimulation of the sym- 
pathetic nerve fibres, 
but after denervation 


of the capillaries they 

show transient dilata- Fig. 58. Rise in blood pressure and constriction of vessels 
; itto io În abdominal cavity in response to stimulation of cervical 
tion. However, little is “ "on of spinal cord below medulla oblongata by 





known about the inner- action current (experiment by Ludwig and Thiry). 
vation of capillaries and wl pressure; JII- 
veins as yet. ntorvide (15 seve nda). 


Tone of vasoconstrictor 
nerves. A severance of the vasoconstrictor sympathetic fibres causes the 
arterioles they innervate to dilate. It follows that they are constantly in 
a state of tonic excitation which continuously maintains the circular vas- 
cular musculature in a certain degree of tonic tension. The higher the 
tone of the vasoconstrictor fibres, the more constricted the arterioles they 
innervate; the lower their tone, the more are the arterioles dilated. 

The level of excitation of the vasoconstrictors, which is itself dependent 
on the state of the corresponding nervous centres (sce below), determines 
the extent to which the arterioles—the “taps” of the vascular system— 
open. 


Vasodilator Nerve Fibres 


In addition to vasoconstrictor nerve fibres there are also vasodilator fibres 
whose excitation causes the vessels to dilate. Claude Bernard discovered 
their existence by showing that stimulation of the branch of the hypoglossal 
nerve which runs to the submaxillary gland—the so-called chordae tym- 
pani—caused the vessels of this gland greatly to dilate. Several times the 
usual amount of blood flows out of the veins of the salivary gland during 
the stimulation of the chordae tympani. The vessels of the gland dilate to 
such an extent and the resistance they offer to the flow of the blood drops 
so much that even the pulsations produced by the ventricular systoles are 
transmitted to the stream of the venous blood. The venous blood which 


flows from the salivary gland at this time is scarlet-red like the arterial 
blood. 

Following the discovery of the vasodilators in the chordae tympani they 
were also discovered for the tongue vessels in the hypoglossal nerve (where 
these fibres enter from the 
chordae tympani) and in the 
pudendal nerve. There are 
vasodilator fibres or vasodi- 
lators in most of the other 
nerve trunks, but they are 
harder to discover there (for 
example, in the sciatic nerve) 
because the vasoconstrictor 
sympathetic fibres also run 
in the same trunks. During 
normal stimulation of such 
mixed nerves the vasocon- 
strictor effect resulting from 
the excitation of the vasocon- 
strictors exceeds the effect 
produced by the simultane- 
ous excitation of the vaso- 
dilators. If the peripheral por- 
tion of a mixed nerve is stim- 
ulated 4 to 5 days after its 
severance only a dilatation of 
the vessels is observed; the 
vasoconstrictor fibres have 
already degencrated while the 
vasodilators are still intact. 

Claude Bernard Dilatation of the vessels not 

disguised by the effect of the 

simultaneous excitation of the vasoconstrictors is also noted if the mixed 

nerve is stimulated by induction-current shocks (A. Ostroumov) following 

each other infrequently (at intervals of 1 to 3 seconds). At this low fre- 

quency of stimulation the vasoconstrictors are not excited and only the 
vasodilators are stimulated. 

The question of the morphological nature of the vasodilator fibres, whose 
excitation causes the vascular musculature to relax and the vessels to 
dilate, presents considerable difficulties. 

The question of the vasodilator fibres of the chordae tympani and of the 
fibres of the hypoglossal and the pudendal nerves is decided simply: there it 
is the fibres of thc parasympathetic nervous system that act as vasodilators. 
But this does not mean that all vasodilator fibres belong to the parasympa- 
thetic system and that all parasympathetic fibres dilate the vessels (the para- 
sympathetic fibres running to the vessels of the heart do not dilate but 
constrict them; p. 179). 

No definite parasympathetic fibres running to the vessels of the extrem- 
ities, the skin and the skeletal muscles have been discovered. It has been 
found, however, that the vasodilator nerve fibres (except the vasodilators 
running to the chordae tympani and in the hypoglossal and pudendal 
nerves) arise from the spinal cord in its dorsal roots which since the time 
of Magendie have been thought to contain only afferent nerve fibres (Law 
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of Magendie). Bayliss has furnished serious data in favour of the fact that 
this exception to the Law of Magendie is only apparent. As a matter of fact 
nerve fibres are able 1o propagate excitation in both directions and to 
branch, The axon of an afferent neuron, i.e., an afferent nerve fibre, may 
divide into two branches of which one runs to the receptor and the other to 
the wall of a blood vessel. This branching of an afferent fibre was very 
clearly observed in B.Lavrentyev’s preparations. The dilatation of the 
vessels which occurs when the posterior roots are stimulated may, there- 
fore, be due to propagation of the excitation along the axons of the sensory 
(afferent) neurons, one branch of which terminates at a receptor and the 
other ends in the wall of an arteriole, a precapillary or even a capillary. 
The excitation received by a receptor may run along an afferent fibre to 
the point of ils division and passing to the branch, which runs to a vessel, 
be propagated from the point of division back to the periphery (antidromi- 
cally, as it is sometimes referred to) to the musculature of the vessels. In 
such cases the smooth musculature relaxes and its tone is depressed. 

Transmission of stimulation from a receptor to an effector due to the 
propagation of excitation within the limits of the division of an axon of one 
neuron is called an axon-refle:r. 


The fact that stimulation of a small portion of the skin may cause the dilatation 
of the cutaneous vessels in portions removed from the point of stimulation even 
after all the nerve trunks running to these portions are cut is an important argu- 
ment in favour of this point of view. Mowever, the effect disappears several days 
after severance of the nerves when the latter degenerate. 

Some investigators deny the cxistence of axon-reflexes. It is scarcely right to do 
so since it is hard to assume that the incontestably established (Lavrentyev) division 
of afferent fibres which ierminate at effectors should be of no functional signifl- 
cance. At the same time there is no doubt that a number of phenomena formerly 
designated as axon-reflexes are reully due to a transfer of excitation from afferent 
{o efferent neurons on the periphery (p. 534). 

Significance of the peripheral nerve structures in the vascular walls of the tissues 
for reactions of the vascular musculature. The tone of the vessels does not fully dis- 
appear when some vascular region is separated from the central nervous system (by 
severance of all the nerve fibres which run to it), A rapid rise in pressure in the 
arterial system and an injection of stimulating substances into the arteries (for 
example, a concentrated NaCl solution) cause a constriction of the vessels and lead 
to a rise in the blood pressure. When stimuli are applied to the artcrial system a 
constriction of the vessels is observed even after the degencration of all the nerves 
at the corresponding vascular region. Acetylcholine and novocain remove these vas- 
cular reactions without decreasing the constriction of the vessels stimulated by 
adrenalin. It is probable that the peripheral nervous structures, which normally 
always function under central influences, are able after the exclusion of the latter 
1o ensure a certain peripheral regulation of the vascular tonc. 

Vasodilator effect of the sympathetic nerve fibres. Excitation of the sympathetic 
fibres may lead to a dilatation of the vessels of the skeletal muscles; it also dilates 
the vessels of the heart. Some data testify to the fact that under certain conditions the 
vessels of the abdominal organs may also dilate under the influence of excitation of 
sympathetic nerve fibres. This is confirmed by the dilatation of the vessels of internal 
organs when the splanchnic nerve is stimulated after the introduction of certain 
Poisons (ergolumine, etc.) and by the dilatation of the abdominal vesscls sometimes 
observed in response to the stimulation of the sympathetic chain in high blood 
pressure. However, the assumption that there are special vasodilator sympathetic 
fibres, which always exert only a vasodilator influence, is hardly correct. It is more 
probable that depending on the frequency and nature of the impulses of excitation 
and on the condition of the vascular musculature the same flbres may produce dif- 
ferent effects—contraction and relaxation of the smooth musculature of the vessels. 
This is confirmed by the experiments in which the splanchnic nerve is stimulated 
alter application of ergotamine and by the drop in the blood pressure during con- 
tinued administration of very large doses of adrenalin, which is a sympathetic 
“mediator.” 
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The idea that the same nerve fibres ma) st differently in no way contradicts the 
fact that under usual conditions the excitation of the sympathetic libres running to 
the vessels of the skin and of the abdominal organs leads to their constriction, 
whereas excitation of the posterior root fibres (apparently afferent) dilates the vessels 
of the skin und of the skeletal muscles, Under special conditions certain sympathetic 
fibres cause a dilatation of the vessels of the interna] organs as they usually 
dilate the vesscls of the heart. 


Vasomotor Centre 


The nerve fibres, which run to the blood vessels and cause their con- 
striction or dilatation, are but conductors of excitation which under 
normal conditions arises only 
in the central nervous sys- 
tem, in its so-called vaso- 
motor centre. The vasomotor 
centre implies the aggregate 
of the structures of the cen- 
tral nervous system which 
affect the blood vessels. It in- 
cludes the structures of the 
central nervous system from 
the spinal cord to the cere- 
bral cortex which by their 
activity condition the state of 
the vascular system. 

Spinal vasoconstrictor neu- 
rons. The nerve cells whose 
axons form the vasoconsiric- 
tor fibres ‘arising from the 
spinal cord are located in the 
lateral horns of the thoracic 
and the three upper lumbar 
segments of the spinal cord. 
These cells have been given 
the name of “spinal vasocon- 
strictor centres” though this 
term is acceptable only for 

F. Ovayannikoy purposes of abbreviation be- 

cause these spinal structures 

normally never function apart from the higher divisions of the central 
nervous syslem. 

After severance of the spinal cord in dogs in the region of the lower 
cervical segments it is barely possible for 3 to 4 weeks to produce the 
vasoconstrictor reflexes described below. Consequently, the spinal centres 
of the vasoconstrictor fibres are normally under the constant influence of 
higher divisions of the central nervous system and must be regarded as the 
terminal link in the system of the central structures which form a single 
vasomotor centre. 

Bulbar division of the vasomotor centre. The spinal vasoconstrictor 
neurons continuously receive impulses from a definite region in the 
medulla oblongata, from a group of cells in the floor of the IV ventricle. 
This was demonstrated by the experiments performed by F. Ovsyannikov 
in K. Ludwig’s laboratory in 1873. The experiments showed that cutting the 
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spinal cord below the medulla is usually accompanied by a certain drop in 
the blood pressure (to 60 to 80 mm. Hg, and frequently even lower). After 
the spinal cord is separated from the medulla the tone of the vasoconstric- 
tors somewhat decreases. Cutting the brain stem above the medulla oblon- 
gata does not produce these changes and does not lead to a disappearance 
of the vascular reflexes which always occurs after a separation of the spinal 
cord from the medulla. Stimulation of very definite portions of the medulla 
oblongata or of the conduction paths. which run from the medulla to the 
spinal cord, causes a sharp rise in the blood pressure due to a constriction 
of the vessels (Fig. 58). It is, therefore. believed that excitation in the spinal 
vasoconstrictor centres normally always arises under the influence of exci- 
tation of the so-called chief 
vasomotor centre in the me- 
dulia oblongata. 

No investigator has as yet 
been able to keep homoio- 
therms with the cerebrum ex- 
tirpated above the medulla ob- 
longata alive for any length of 
time. Such animals live only 
a few hours (24 hours at most) 
and die of circulatory and re- 
spiratory disorders, We must, 
therefore, necessarily recog- 
nize that the bulbar division 
of the vasomotor centre (this 
designation is more appro- 
priate than the deep-rooted 
term “chief vasomotor 
centre”) is under the constant 
influence of higher divisions 
of the central nervous system. 

Stimulation of the portions 
of the medulla oblongata lo- 
cated in the immediate prox- 
imity of the vasoconstrictor 
centre leads to a dilatation of 
the vessels accompanied by a V. Danileveky 
drop in blood pressure. This 
warrants the assertion that the vasodilator nerves have a certain tone. 

Very little is known of the role of the midbrain and the cerebellum 
in regulating the vascular tone. Considerable variations in blood 
pressure (always connected with changes in respiration) are fre- 
quently noted after cutting the cerebral division on the level of the red 
nuclei (decerebration, see p. 230). It has been impossible, however, thus far 
to discover the laws which govern these variations. Variations in blood 
pressure were noted in L. Orbeli’ laboratory during stimulation of the 
cerebellum; it is still difficult to explain their mechanism; they may be 
connected with the influences which the cerebellum exerts on the sym- 
pathetic system due to its relation to the cerebral cortex. 

The diencephalon, especially the different nuclei of the hypothalamus, 
is usually regarded as the focus of the higher subcortical centres of the 
entire vegetalive nervous system. Stimulation of this division of the central 
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nervous system leads to considerable variations in blood pressure. Dogs 
and cats, in which the entire cortex has been removed but the diencephalon 
retained, can live long (if well taken carc of) and display rather complexly 
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Fig. 59. Effect of stimulating lelt premotor zone in man by induc- 

tion current. (during cerebral operation) on arterial pressure. 


Arrows indicate boginning and end of stimulation (alter Koreishn). 


coordinated cardiovascular (and respiratory) reflexes in the form of rises 
in the blood pressure and accelerated heart rate during fits of “rage” which 
they sometimes have without any apparent reason. It is probable that in 
the newborn with their relatively poorly developed cerebral cortex the struc- 





Fig. 60. Effect: of asphyxin on the dog's arterial bl 


pressure. 
Top- -record made by «pring manomoter: bottom: - record made by 
mercury manometer; timat arrow (left) indicates Lopinning U ans- 


phyxia, second arrow ita end. 


tures of the diencephalon 
play the main part in 
regulating the circula- 
tion. But as the higher 
division of the central 
nervous system devel- 
ops, the influences of the 
cerebral cortex acquire 
a special significance in 
circulatory regulation. 

Stimulation of the ce- 
rebral cortex, as was 
long ago discovered by 
V. Danilevsky, N. Mis- 
lavsky and V. Bekhte- 
rev, leads to changes in 
blood pressure. 

Effect of chemical sub- 
stances on the vasomotor 
centre. Chemical agents 
circulating in the blood 
may affect the innerva- 
tion of the vessels (and 


the heart) by stimulating the chemoreceptors and by directly stimu- 
lating the vasomotor centre. This is revealed in the action of carbon dioxide 
on the vasoconstrictor centre (Fig. 60) discovered as early as the sixties of last 
century by N. Kovalevsky and M. Traube. Inhalation of carbon dioxide 
(and asphyxia) considerably raises the blood pressure because of the result- 
ing constriction of the blood vessels. This result is also retained after dener- 
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vation of the aortic and sino-carotid zone (see below) and is observed in a 
weakened form (in an acute experiment) even after removal of the cerebrum 
including the medulla oblongata. In the latter case the rise in blood pres- 
sure during accumulation of carbon dioxide in the body is due to its in- 
fluence on the vasoconstrictor neurons of the spinal cord (as before stated, 
these neurons hardly react to the impulses from the afferent. nerve fibres 
for a long time after being disconnected from the higher centres). 


Carbon dioxide is, possibly, the only chemical compound always present in the 
body which, brought to the structures of the central nervous system by the blood, 
directly excites the vasoconstrictor centre and the centre of the vagal fibres which 
inhibit the heart. The nervous elements of these central structures ure similarly 
affected by a rise in intracranial pressure. Preparations of foxglove are pharma- 
colopical agents which stimulate the inhibiling innervation of the heart and the 
vasoconstrictor centre. 


Oxygen deficiency in the blood stimulates the vasoconstrictor and vagal 
centres only reflexly by stimulating the receptors of the aortic and the 
carotid zones (p. 161) and, probably, the chemoreceptors of different tis- 
sues. In animals with a denervated aortic and sino-carolid zones inspiration 
of air poor in oxygen leads to a gradually developing paralysis of the vaso- 
constrictor centre without its excitation phasc. 


Effect of Hormones and Various Metabolites on the Vessels 


The nervous influences on the blood vessels are permanently connected 
with those exerted by certain hormones, i.c., specific chemical agents pro- 
duced only in definite organs. 

Effect of adrenalin on the vessels. Adrenalin markedly constricts the 
arterioles and arteries of the skin, the organs of the digestive tract, the 
kidneys and the lungs, but dilates the vessels of the heart. 

The vessels of a resting skeletal muscle are apparently somewhat con- 
stricted under the influence of adrenalin only when it is present in the 
blood in low concentrations; in high concentrations adrenalin frequently 
causes the vessels of the muscles to dilate. During muscular work, when 
the secretion of adrenalin is increased. the vessels of the skcletal muscu- 
lature are not constricted under its influence, whereas the constriction of 
the vessels of the abdominal organs, which occurs under the effect. of adren- 
alin, ensures a greater flow of blood to the muscles. 

Fig. 61 shows the effect of different doses of adrenalin on the arterial 
blood pressure. A very small amount of adrenalin is enough to cause a con- 
siderable rise in blood pressure due mainly to the constriction of the lumen 
of the small arteries of the abdominal cavity and of the cutaneous vessels. 
The dose of adrenalin sufficient 10 cause a constriction of the vessels is 
approximatcly 0.0002 mg. per kg. of body weight (if injected directly into 
the blood). Injection of 0.5 to 1 mg. of adrenalin into the blood of man 
causes a tremendous (up to 200 to 300mm. Hg) but very transient rise 
in blood pressure. 

Adrenalin also constricts the capillaries, probably by acting on the pre- 
capillary sphincters. The veins, apparently, also become constricted as 
adrenalin enters the blood. 

During muscular rest the medulla of the adrenals secretes but very litile 
adrenalin. The activity of the medulla of the adrenals, therefore, hardly 
plays any part in maintaining the tone of the arterioles at rest. During hard 
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muscular work and under so-called emotional stress the increased secretion 
of adrenalin aids in increasing the blood flow through the skeletal muscles, 
the brain and the heart because it produces a rise in the blood pressure 
hardly constricting (and perhaps even dilating) the vessels of these organs. 

The medulla of the adrenals is innervated by fibres of the splanchnic 
nerve. Stimulation of this nerve causes the adrenals to secrete adrenalin 
(Cheboksarov, 1910). 

The hormone of the posterior lobe of the hypophysis (vasopressin) pro- 
duces a strong constricting effect on the arterioles and the capillaries. This 
has been demonstrated by experiments on animals; the animals were in- 
jected a preparation of the hypophysis and the effect of this injection was 
studied on isolated arteries. However, removal of the hypophysis hardly 
affects the vessels (incidentally, vasopressin may, possibly, also be produced 
by the cells of the hypothalamus). 
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Fig. 61. Effect of intravenous injeetion of difforent amounts of adrenalin 
(0.1-0.8 mg.) on the dog's arterial blood pressure, 

Figures above curves indicate amount of adrenalin injected; hottom—efteet of intravonons 
injection of saline solution on blood pressure (after IIliott). 


The hormone of the adrenal cortex is, apparently, very important in 
maintaining the normal state and permeability of the capillaries. Twenty to 
forty hours after removal of the adrenals the capillaries dilate and retain a 
lot of blood while the pressure in the arterics drops. Injection of the hor- 
mone produced by the adrenal cortex into the blood of animals with re- 
moved adrenals restores their normal circulation. 

Effect on the vessels of substances produced by the kidneys. It. was found 
as early as 1898 that an injection of an extract of renal tissue into the blood 
caused a constriction of the blood vessels (arterioles) and a rise in the 
arterial blood pressure. Tiegerstedt, who discovered this fact, proposed 
that the substance produced with the aid of the kidneys and causing con- 
striction of the arterioles be named renin. This fact had attracted no atten- 
tion;* later it was found that a partial compression of the renal arteries 


* In the beginning of 1899 I. Pavlov also pointed out the possibility of producing 
substances, which influcnee the circulation, by a “damaged” kidney. 


158 


which limited the blood flow through the kidneys, i.e., produced renal 
ischaemia, resulted in a stable rise in arterial blood pressure (hypertension). 
The rise in blood pressure is caused by a stable constriction of the arteri- 
oles, mainly those of the abdominal organs. 


Constriction of the vessels responsible for a sustained rise in the blood pressure 
with partial clamping of the renal arterics, is not due to a limitation of the secretory 
function of the kidneys. In renal ischacmia the pressure may rise even when their 
secretory function is entirely unaffected, while, on the other hand, impairment of 
the secretory activity of the kidneys docs not lead to a rise in the blood pressure for 
a long time. 

Compression of the renal vessels, which causcs a certain degree of ischaemia (in- 
sufficient blood supply) of the kidneys for a long time, is effected by special clamps 
placed on the renal arteries; the clamps are fastened so as to reduce the lumen of the 
renal artery to at least half its size (Goldblatt). Renal ischacmia may cause hyper- 
tension both after denervation of the kidneys and of large vascular regions, but it 
docs not in any way warrant the conclusion that the central nervous system does not 
influence the production of renin and its activity under normal conditions when the 
innervation of the kidneys and the vessels is intact. 


The extracts containing the purest renin do not constrict the vessels of 
the isolated organs through which they are perfused in a physiological 
solution. Suffice it, however, to add a little blood plasma to the solutions 
containing renin to produce the typical vasoconstrictor cffect. It follows 
that the plasma contains a substance in the presence of which renin is acti- 
vated. This substance was named renin-activator. Under the action of the 
renin-activator renin forms a new compound—hypertensin. Hypertensin is 
just the agent which produces the marked vasoconstrictor effect. It is ex- 
traordinarily active, approximating the activity of adrenalin which causes 
constriction of the vessels in a 1:10,000,000 dilution (and sometimes even 
in lower concentrations). 


Renin, renin-activator and, consequently. hypertensin, which results from their 
interaction, are protein bodies or products of (heir hydrolysis, Renin-activator is a 
polypeptide with a molecular weight of about 2,700. 

There are reasons to belicve that the production or the increase in production of 
renin is a normal physiological reaction which occurs reficxly in response to the 
action of factors leading to a drop in the blood pressure. This is confirmed by the fact 
that after blood losses the blood contains more hypertensin than normally, probably 
because of an increased passage of renin from the kidneys into the blood. Production 
of renin may, thus, aid in restoring normal blood pressure when the latter is some- 
what lowered. 


It is not clear yet why a reduced blood flow through the kidneys in- 
creases the passage of renin into the blood and by virtue of this increases the 
production of hypertensin. Normal kidneys contain a special enzyme— 
hypertensinase—which destroys renin. It is assumed that this enzyme dis- 
appears or becomes inactive when insufficient blood flows through the kid- 
neys. Owing to this ischaemia of the kidneys leads to an increase in the 
concentration of hypertensin in the blood. This matter has not yet been 
finally settled, however. 


Vasoconsirictor effects connected with renal activity. An interesting phenomenon 
pertaining to the regulation of blood pressure was discovered in dogs who were kept 
alive for 20 days after removal! of both kidneys. These dogs developed typical hyper- 
tension. This was not duc to the pressure of the substances, which are normally el:m- 
inated with the urine, because the dogs whose ureter cnds were sewn into the 
vena cava retained a normal blood pressure almost to the very death. 

There are indications that the kidneys contain special aminoxydases which oxidize 
the amino-group of compounds that produce a vasoconstrictor effect. 
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Effect of the products of tissue metabolism on vascular tone. In addition 
to, and in connection with, the nervous influences reaching the vessels from 
the central nervous system and the influences of the hormones produced 
by the endocrine glands the vessels are also affected by the products of 
metabolism formed in all the tissues and organs. The compounds resulting 
from tissue metabolism dilate the blood vessels of the organs in which they 
are formed, Of these compounds the following are of special importance: 

1. All compounds of an acid nature, particularly carbonic acid, the for- 
mation of which leads to an increase in the concentration of H-ions in the 
tissues. 

2. Histamine, an amine formed from histidine under the action of a spe- 
cial enzyme and causing dilatation of the capillaries already in a concen- 
tration of 0.001 mg. per kg. of body weight. Histamine is, apparently, liber- 
ated during the excitation of a number of alferent nerve fibres. I is formed 
under the action of agents which injure the skin. The reddening of the skin 
due to burns. mechanical irritation or inflammation partly results from 
dilatation of the capillaries produced by the influence of histamine. 

3. Acetylcholine, a chemical compound formed at. the endings of the 
vasodilator nerves. Acetylcholine causes extensive dilatation of the arteri- 
oles and a drop in the blood pressure. 

4. A number of products of metabolism compounds of phosphorus in 
the tissues, especially, adenylic acid. 

For the significance of the production of these substances and the 
mechanism of their action see p. 175. 


CHAPTER 17 
REFLEX REGULATION OF CIRCULATION 


Reflex Influences on Circulation from the Receptors 
of the Large Vesscls 


Cyon and Ludwig [ound (in 1866) that a nervous branch containing affer- 
cnt fibres ran alongside the vagus in the rabbit (in other animals in their 
trunks). These fibres connect the receptors located in the wall of the aortic 
arch, in the aortic bodics and under the endocardium of the left ventricle 
with the medulla oblongata. Their stimulation reflexly causes a drop in the 
arterial blood pressure (Fig. 62). The fall in the arterial blood pressure dur- 
ing the stimulation of the afferent fibres running from the aorta is condi- 
tioned, firstly, by a slowing down of the heart rate which results from 
reflex excitation of the centre of the vagus in response to the stimulation of 
the aforesaid receptors; secondly, it is due to a dilatation of the vessels 
(especially those of the abdominal cavity), which occurs as a result of a 
reflex inhibition of the vasoconstrictor centre. 

Cyon and Ludwig named the nerve they discovered a depressor empha- 
sizing by this that excitation of this afferent nerve leads to a reflex drop in 
the blood pressure. The afferent fibres running from the receptors of the 
aortic arch are often also called the aortic nerve; some authors believe that 
it also has fibres whose stimulation may reflexly raise the blood pressure. 

A rise in the blood pressure in the aorta which causes a distention of its 
walls is a natural stimulus of the receptors of the aortic nerve. This disten- 
tion of the aortic walls acts as a mechanical stimulus on the receptors located 
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in the aortic walls and representing a typical example of interoceptors. 
They are vascular presso- or baroreceptors and, consequently, belong to 


the group of mechanoreceptors. 


Analogous receptors were discovered about 60 years after Ludwig and 
Cyon at the site where the common carotid artery divides into the external 


and internal carotid arteries (Fig. 63). 
Here in the carotid sinus (sinus caro- 
ticus) there is a complex nervous struc- 
ture which in addition to sensory nerve 
endings contains a number of nerve cells. 
The afferent fibres running from the 
carotid sinus are called the carotid or 
sinus nerve (it is sometimes designated as 
Hering’s nerve); the fibres enter the 
trunk of the glossopharyngeal nerve (the 
IX pair of the cranial nerves) and run 
to the medulla oblongata. 

The significance of the baroreceptors 
of the carotid sinus is generally anal- 
ogous to that of the baroreceptors of the 
aortic arch. That is why reference is 
frequently made to the receptors of the 
aortic-carotid or the aortic-sino-carotid 
zone. The receptors of the carotid sinus, 
like those of the aorta, are excited by a 
rise in the blood pressure. Excitation of 
their afferent fibres reflexly lowers the 
tone of the vasoconstrictor centre and 
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Fig. 62. Effect. of stimulating central 
portion of severed aortic nerve (deprea- 
sor) by induction current on the rab- 
bit's blood pressure. 
From top to bottom: record of arterial pres. 
sure, time intorvals (6 seconds) and stimula- 
tion mark. 


raises the tone of the centre of the cardiac fibres of the vagus; this 
results in a dilatation of the vessels (mainly the arterioles) and in a 
slowing down of the heart rate. According to some data the baro- 





Fig. 63. Topography of carotid sinus in man 
(atter Heymans). 
J-.common carotid artery; 2 carotid sinus; 3 and 
4— external and internal carotid arterica; 5- carotid 
nerve; 6— glossopharyngeal nerve. 
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receptors of the carotid sinus are 
normally capable of greater exci- 
tation than those of the aorta. 


In an experiment, as it was first done 
by Y. Moiseyev, it is possible to insert a 
glass tube (a canula) into the common ca- 
rotid artery and into one of its branches, 
tying off all the other branches. By 
connecting the canula in the common 
carotid artery with a pressure reservoir in 
which the pressure of the liquid can be 
fixed on any level corresponding to the 
aims of the experiment, it is possible to 
create a different pressure in the region 
of the carotid sinus, which is excluded 
from the general circulation but retains 
the nervous conncction of its receptors 
with the central nervous system. It is 
easy to determine by this method the 
cffect produced on the gencral arterial 
pressure of the variations in pressure 
in the carotid sinus and the effect of 
various chemical substances added to 
the liquid perfused through the vesscls 
of the sinus on the receptors of 
the latter. In a more complicated form 


of the experiment the region of one or both of the carotid sinuses of the given animal 
is connected with the circulation of another animal. For this purpose the vessels of 
the sinus (with the nerves intact) of one animal are connected by canull and tubes 
with the vessels of another animal and special precautions are taken against 


coagulation of the blood (Heymans). 


Normally when the carotid sinus is included in the circulation the blood 
pressure in the carotid arteries during systole is 100 to 120 mm. Hg. If this 
pressure is created.in the perfused sinus a nearly similar blood pressure is 
established, but if the pressure in the perfused sinus is raised to 180 to 
200 mm. Hg the arterial blood pressure drops below normal. Contrariwise, 
if the pressure of the liquid passed 
through the carotid sinus is low the 
blood pressure in the arteriesturns out 
abnormally high (180 to 220 mm. Hg). 

We must necessarily conclude from 
these experiments that already in 
normal variations in the arterial blood 
pressure during the cardiac cycle (60to 
120 mm. Hg) the receptors of the 
aortic arch and of the carotid sinus 
become excited and send to the cen- 
tral nervous system impulses which 
moderate the tone of the centre of 
the vasoconstrictor nerve fibres and 
excite the tone of the centre of the 
vagal fibres which inhibit the heart. 

The studies of bio-electric poten- 
tials (action currents) of the fibres of 
the aortic or carotid nerve led to the 
discovery that the lower the pressure 
in the carotid sinus, the less frequent 
the impulses of excitation arising in 
its receptors. The effect of an accelera- 
a tion of the impulses, which run from 
Fig. 64. Action currents (vertical linos the baroreceptors of the aortic arch 
in lower part of A and #) in individual and of the carotid artery to the cen- 


fibre of carotid norve dopending on blood z , ARA T 
presaure (upper curves). tres, is an increasing inhibition of the 


In experiment. A arterial pressure wan 55 inm., vasoconstrictor centre and a growing 
iu experiment 2 135 mm, (after Bronk). stimulation of the centre of the vagal 
fibres which inhibit the heart. 

Consequently, the higher the pressure in the aortic arch and in the 
carotid sinus, the stronger the nervous influences which reflexly lead to a 
drop in the blood pressure. 

The impulses in the carotid nerve arc sharply accelerated during each systole and 
do not completely disappear during diastole; this means that already during the usual 
diastolic pressure therc is a slight stimulation of the baroreceptors in the aortic-caro- 
tid zone, which reflexly somewhat inhibit the excitation of the vasoconstrictor centre, 
and cause a certain excitation of the centre of the vagal fibres that inhibit the heart; 
during each systole the walls of the arterles distend, stimulation of the receptors of 
the aortic-carotid zone increases and the reflex influences exerted by their impulses 
at this time grow. 


If the impulses from the baroreceptors of the aortic-carotid zone do not 


reach the central nervous system, the vasoconstrictor centre is highly 
excited, the arteries are very much constricted, the vagal tone drops, the 
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heart rate is fast and the blood pressure is abnormally high. Thus, for 
example after severance of the aortic and carotid nerves the blood pressure 
of the dog rises to 180 to 220 mm. Hg and does not return to normal for 
a long time (according to 
some data it never returns 
to normal). 

Compression of the com- 
mon carotid arteries, i.e., 
exclusion of the carotid 
sinuses from the circula- 
tion, similarly removes the 
stimulation of their recep- 
tors and thus produces the 
characteristic rise in the 
blood pressure as long as 
the carotid arteries are 
compressed. Contrariwise, 
in response to the rise in 





Fig. 65. effect of blood pressure rise in carotid sinus 
on arterial preasure (J) and on amount of blood (2) 


pressure 1n the region , of flowing through femoral artery (after Roin). 
the carotid sinus (Fig. 65), During reflox drop in blood presure reaulting from riae in pre- 
just as during artificial sure in carotid sinus vesels of extremity dilate. 


stimulation of the carotid 
nerve (Fig. 66), arterial pressure drops. In the first case the vessels of the 
extremities and of the abdominal cavity are reflexly constricted, in the 
second case they are dilated. 

Under normal conditions ihe carotid sinus is, of course, never excluded 
from the circulation and its receptors are affected by the pressure existing 
in the carotid artery at the given time: it nearly equals the pressure in the 
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Fig. 66. Record of volume of portal vein (middle curve), arterial pressure (lower 
curve) and respiration (top) in the dog during fall in arterial pressure produced 
by stimulation of right carotid nerve (by courtesy of N. Danilov). 
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aorta which influences the aortic receptors. The higher the arterial pressure 
the stronger the stimulation of the aortic and carotid receptors. Therefore, 
if the arterial pressure drops below normal the inhibiting influence reflexly 
exerted from the receptors of the aortic-carotid zone on the vasoconstric- 
tor centre decreases, the exciting influence exerted by these impulses on 
the nucleus of the cardiac fibres of the vagus also decreases. The result is 
an increase in the tone of the vessels and an acceleration of the heart rate, 
leading to a rise in the arterial pressure. Contrariwise, when the arterial 
pressure rises above normal the impulses from the receptors of the aortic- 
carotid zone increases, due to which the vasoconstrictor centre is inhibited 
and the vagus is excited more than during normal arterial pressure. Inhibi- 
tion of the vasoconstrictor centre leads to a decrease in the tone of the 
vessels, excitation of the vagal centre leads to a slowing down of the heart 
rate owing to which the arterial pressure returns to normal. 

The reflexes, which arise during pressure changes in the region of the 
carotid sinus and the aortic arch, may be characterized as reflexes which 
equalize the blood pressure; they lead to a rise in the arterial pressure if 
it is low and to its fall if it is high. 

The reflex increase in the tone of the vasoconstrictor nerves usually 
develops parallel with a decrease in the excitation of the vasodilator nerves 
(L. Fofanov and M. Chalusov, Bayliss). As the tone of the vasoconstrictors 
decreases that of the vasodilators simultaneously increases. 


With a considerable strengthening or acceleration of the stimulation of the depres- 
sor (aortic) or sino-carotid nerve the depressor cftect disappears; it reappears as the 
stimulation is weakened or slowed down (V. Delov). 

Thus, strong and rapid stimulation of the paroreccptors of the aortic and carotid 
zones may inhibit the reaction of the vasomotor centre to the impulses from these 
receptors; in this case there will be no compensating refiex drop in the blood pres- 
sure; the high blood pressure will not fall. 


The aortic-carotid zone does not contain only baroreceptors. The carotid 
body has a mass of chemoreceptors, which are stimulated by changes in 
the composition of the blood that bathes them. Carbon dioxide and 
hydrogen ions are their most important stimuli. The chemoreceptors arc 
also stimulated by a drop in the tension of the oxygen dissolved in the 
blood (p. 157). 

The receptor response to the stimulation of the chemoreceptors of the 
aortic-carotid zone is contrary to the effect produced by stimulation of the 
baroreceptors of this zone. 

An increase in the amount of carbonic acid or a decrease in the amount 
of oxygen in the blood stimulate the chemoreceptors and reflexly lead to 
a rise in the tone of the vasoconstrictors and to an increase in the activity 
of the heart. This explains the rise in blood pressure during inspiration of 
carbon dioxide in asphyxia (cessation of respiration) and in the initial stages 
of hypoxia (oxygen deficiency, p. 183). 


Receptors of the Pulmonary Circulation and of the Arteries 
of the Abdominal Cavity 


Receptors have been found not only in the aortic zone, but also in the wall of 
the pulmonary artery and its branches, in the large arteries of the abdominal 
cavity and in the venae cavae. The receptors of the pulmonary artery 
(like those of the aortic-carotid zone) are excited by a rise in arterial pres- 
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sure, in this case by a rise in pressure in the pulmonary artery. The vessels 
of the systemic circulation dilate reflexly in response to the excitation of 
the vessels of the pulmonary circuit; this leads to a drop in the blood pres- 
sure and, consequently, to elimination of pulmonary congestion. 

During a rise in arterial blood pressure the receptors of the large arteries 
of the abdominal cavity are also excited, which reflexly leads to equaliza- 
tion of the arterial pressure. 


Significance of the Reflexes from the Baroreceptors of the Large Vessels 


The reflex regulation of circulation from the baroreceptors of the aortic 
arch and of the carotid sinus (partly also of the large arteries of the 
abdominal cavity and of the pulmonary vessels) is responsible for the 
maintenance of constant arterial pressure. 

The maintenance of constancy in arterial pressure in a healthy 
unanaesthesized animal under widely differing conditions was noted by 
I. Pavlov as early as 1879-83. 





Fig. 67. Changes in bio-currents recorded by oscillograph in cervical sympathetic trunk 

(lower curve) and in sortie nerve (middle curve) during variations in artorial pressure 

(waves of third order, upper curve) caused by increase in intracranial pressure in the 
rabbit. 


During each wave showing risc in arterial prossure (somowhat Mattoned in curve) frequency of bio-currents 

in aortic norvo, tranamilting impulsos from baroreceptors of sorta, rises and this results in rotiox drop in 

{tequenny of impulsos in vaxoconsatriotor sympathetic fibres. Artoria! pressure drops, then riscs again 

because of unceasing atimulation of vasovoustrictor centre by high intracranial prossure (after G., Smirnov 
and K. Bykov). 


Pavlov showed that while the vessels of the abdominal cavity dilated 
the cutaneous vessels were reflexly constricted. In studying the influence 
exerled on the blood pressure by carbon dioxide accumulating in the 
body, by bleeding and blood transfusion, Pavlov ascertained that after a 
disconnection of the vagi these influences caused much greater changes in 
the arterial pressure than normally because the vagus carried impulses, 
which refiexly equalized the blood pressure. 

There are times in the life of every organism when the absence of 
compensatory mechanisms would lead to a drop in the arterial pressure 
(for example, dilatation of the abdominal vessels after cating, increased 
blood flow to the feet in a vertical position, dilatation of the vessels of the 
muscles during muscular work and of the vessels of the skin under the 
action of heat, etc.). At the same time stimulation of a considerable number 
of exteroceptors usually reflexly leads to a rise in the blood pressure. 
Whenever the blood pressure rises or drops the impulses result- 
ing from the variations in the stimulation of the receptors of the carotid 
and aortic zones (as well as other baroreceptors) are responsible for the 
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reflex changes in the activity of the heart and in the state of the vessels 
and, thus, create the conditions for restoration of the normal level of 
pressure. Electrophysiological studies make it possible to record a decrease 
in the number of impulses in the sympathetic nerve during a rise in blood 
pressure, which causes an acceleration of the impulses of excitation in the 
afferent fibres of the aortic nerve; this vividly manifests the reflex inhibi- 
tion of the vasoconstrictor centre (Fig. 67). 

If the normal reaction of the receptors of the aortic-carotid zone and, 
especially, the functional state of the central nervous system are impaired, 
the regulation of circulation is deranged and the blood pressure easilv 
deviates from the normal. 

Reflex levelling-out of blood pressure is an example of reflex regulation 
in which definite changes in physiological functions are liquidated by 
reflexes caused by the 
stimulation of recep- 
tors which are them- 
selves stimulated 
precisely by these 
changes. These phe- 
nomena are often des- 
ignated as “auto-regu- 
lation.” This empha- 
sizes the fact that 
the very fulfilment of 
a physiological act 
leads to the rise of 
reflexes as a result 
of which the changes 
causing the given 
reflex are eliminated. 


> 


© 





Reflex Influences on 
the Circulation from 
the Receptors of the 
Small Vessels and the 
Tissues 


= 





eas a 4 





While many authors 
believed there were 
Fig. 68. Diagrain of experiments for study of reflex influonces receptors only in the 
arising during stimulation of interoceptors of internal organs large arteries (aorta, 


BIRET e blood oe resect hay 2a carotid, mesenteric, 
anuls with afferent. tube (J) ia inserted into artory of spleen whilo ae 
offeront tube (2) ia inserted into vein. Perfused organ is fed Auil from pulmonary) V. Cher 
prodsuro container (3); perfused solution is oxygenated from | nigovsky and his 
and hoatad to body temperature in passing through coil (4) immersed in associates (in the lab- 
warm (40°C) water. Nervous ecnnectiona of perfused organ are stact. 
Kymogram records artorial pressure, volume of intestino (by mounn of oratory headed by 
plothyamograph 5) and respimtio ı (through tube 7) (after V. Chernig veky). K, Bykov), and later 
other investigators, 

showed there were baroreceptors and chemoreceptors in the vessels and 
tissues of all or nearly all tissues and organs. 

The rise in the pressure of the fluid passed through the vessels of the 


perfused internal organs which retain normal nervous connections reflexly 
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causes a change in the total arterial pressure (as a typical response in some 
cases—a rise in the total blood pressure). As the pressure in the vessels 
of the perfused spleen rises the arterial pressure usually also rises reflexly, 
but as the pressure in the vessels of the intestines, liver and kidneys rises 
the typical reflex response is a drop in the arterial pressure. 


The receptors located 
in the small vessels 
or tissues of different 
organs are also stimu- 
lated by various chemi- 
cal stimuli. Thus, an 
addition of carbonic acid, 
lactic acid or acetyl- 
choline to the fluid per- 
fused through the ves- 
sels of the organs, which 
have retained nervous 
connection with the 
entire body, causes a 
rise in blood pressure 
(Fig.69) due to the reflex 
constriction of the arte- 
rioles in other vascular 
regions. Consequently, 
stimulation of the inter- 
oceptors of the internal 
organs (both barorecep- 
tors and chemorecep- 
tors) reflexly causes 
mainly a constriction 
of the arterial vessels 
(chiefly the vessels of 
the abdominal cavity). 
After removal of the 
cerebrum above the me- 
dulla oblongata these 
reactions are less pro- 
nounced, 


Baroreceptors and 
chemoreceptors whose 
Stimulation leads to 
reflex changes in the 
blood pressure have 
been found in the vessels 
(arterioles and capilla- 
ries) and in the tissues 
of all internal organs of 
the abdominal cavity, in 
the sex organs, in the 
bone marrow (Fig. 70), 
in the pericardium and, 
apparently, in all tissues. 
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Fig. 69. Reflex effect. produced on blood pressure by 
0.000002 gr. of acotylcholine injected into vessels of intos- 
tinal loop isolated from general circulation, but with 
all nervous connectiona intact. 
I general blood prewsure (mercury manometer); Jf-—recurd of 
movements of isolated intestine; 7 /4—record of number of drops 
of fuid Mowing out of veasols of perfused intestine; 1 —record of 
reapiration; F’---record of blood preasure made by membrane meno- 
meter; V7---time intervals, Bottom line indicates injection of acetyl. 
choline (after Y. Chernigovsky). 
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There are reasons to believe that the chemoreceptors are located in the tissues of 
various organs, whereas the baroreceptors lie precisely in the vascular walls or in 
their immediate proximity (they probably include the pacinian corpuscles). However, 
the chemoreceptors are stimulated by various chemical agents circulating in the blood 
because most of them casily penetrate through the walls of the capillaries. In addi- 
tion, any change in tissue metabolism of each organ leads to a change in the stimu- 
lation of its chemoreceptors which reflexly affects the circulation. Besides, a number 
of organs have other mechanoreceptors 
which are stimulated not by changes 
in the vascular pressure but by the 
stretching and relaxation of the smooth 
musculature and ligaments of these 
organs. Such are the mechanoreceptors 
of the oesophagus, the stomach, the 
intestines, the gall- and urinary blad- 
ders, the peritoncum, the pericardium 
and the meninges (D. Biryukov). The 
same organs (perhaps not all of them) 
have receptors of pain stimuli. 

As the state of the body and of the 
organs in which these receptors are 
located vary the reaction caused by 
their stimulation may also change. Thus, 
for example, during a total cooling of 
the body stimulation of the interocep- 
tors of the intestine does not lead toa 
risc, but to a drop in the blood pres- 
sure. The reflex reaction arising from 
the intcroceptors of the female sex 
organs changes similarly during the 
various periods of the sexual cycle. 


Changes (or pathological dis- 
orders) in metabolism of any organ 
, ; . affect the passage of metabolites 
Fig. 70. Effect of stimulating chemoreceptors formed in this organ into the blood. 


of bone marrow on blood pressure (upper , hoea E 
record) and on respiration (second record This creates the conditions for stim- 





from top). ulating the chemoreceptors in 

Injection of 0.0001 mg. of nicotino (U.1 ml. solution the other organs of the body. Thus, 
diluted 1:10,000) into tibial marrow of the cat is : ea 7 “ 

marked on seeond line from bottom. Bottom lino circulation not only ensures all the 

indicates time intervals (5 seconds) (after V. Cherni- processes of metabolism by deliver- 

govsky and A. Yaroshevaky). ing to the tissues the substances 


they consume and by removing the 
products of their metabolism; in addition to, and inseparably from this, 
circulation ensures the communication among the receptors of the various 
organs which affects the reflex regulation of circulation, respiration, ete. 
The impulses arising in the baroreceptors, chemoreceptors and mechano- 
receptors of the various small vessels continuously maintain (probably 
reflexly) the tone of the vasoconstrictor innervation and are at the same 
time in large measure responsible for the redistribution of the blood among 
different organs. Normally the blood is so redistributed that the arterioles 
of the vigorously functioning organs (for example, the muscles in mus- 
cular work, the skin at hìgh temperature and the abdominal organs during 
the process of digestion) dilate and the capillaries open, whereas part of 
the arterioles and capillaries of the organs at rest become at the same time 
constricted or close. 
Under normal conditions the cerebral cortex generally inhibits the 
reflex influences exerted by the interoceptors on circulation. This follows 
from the fact that in ihe experiment after the removal of the cercbral 
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cortex stimulation of the interoceptors of the internal organs causes much 
greater reflex changes in the blood pressure than normally. Direct stimula- 
tion of the cerebral cortex by induction current usually leads to a decrease 
in the reflex reaction caused at the same time by stimulation of the inter- 
oceptors of the internal organs (Fig. 71). 


Depending on the various states of the cerebral cortex its inhibiting influence on 
the vascular reflexes, which arise as a result of stimulation of different groups of 
interoceptors, may manifest itself differently sometimes, apparently, being replaced 
by a stimulating influence. We may assume that a decrease in the inhibiting influence 
of the cerebral cortex on the vascular reflexes, caused by stimulation of the intero- 
ceptors, leads to abnormally high blood pressure (especially if the effect of the reflex 





Fig. 71. Disappearance of reflex responses to stimulation of 
intestinal chemoreceptors under action of direct current cathode 
on parictal region of cerabral cortex. 


From top to hottom: blood prosaure (recorded by mercury manomctor), respi- 
ration, record of blood pressure by membrane manometor, mark of stimulation. 
Letter a indigutcs addition of 0.5 solution of nicotine (10-4) to liquid perfused 
through vossela of portion of intestine retaining its norvous connections with 
the body. Curve J was recorded before action of cathodo on cortex, (J --0.5 min- 
utes after turning on current, 777 --30 minutes after cessation of its action. 
Bottom record indicates time intervals of I second (after V. Chernigovaky). 


influences from the baroreceptors of the aortic and sino-carolid zone, which equalize 
the blood pressure, decreases at the sume time). The impulses from the intcroceptors 
which arise during abnormal states of the centres may, probably, reflexly lead to a 
number of pathological, so-called local, circulatory disorders (for example, in the ex- 
tremities during endarteritis), i.c., to impairments of circulation in certain portions 
of the vascular system. 


Tt is as yet impossible definitely to determine the significance of the 
receptors found by morphologists in all divisions of the venous system. 


Effect of Stimulating the Exteroceptors on the Circulation 


Considerable stimulation of the exteroceptors (by light, sound, thermal 
or traumatic agents) causes reflex constriction of the vessels as the primary 
response and (though not always) acceleration of cardiac activity. Plethy- 
smographic studies of various organs (the extremities in man) shows that 
at the sudden sound or a strong thermal stimulation the blood pressure 
somewhat rises and the amount of the blood flowing through the extremity 
decreases (constriction of the vessels). 


Constriction of the vessels and acceleration of the heart rate at the initial action of 
any specially applied stimuli, apparently form a component of the gencral orien- 
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tation reflex occurring in response to a stimulus in the external environment, which 
formerly never or rarely acted on the given organism. In people with certain portions 
of the cerebral cortex of one hemisphcre diseased (hemiplegia) stimulation of the 
skin on the opposite side of the body causes a weak and invariable reaction. 


Stimulation of the exteroceptors, which in man does not lead to pain 
sensations or to variations in the heat exchange with the external environ- 
ment, causes, when repeated, increasingly weaker reflex changes on the 
part of the heart and the vessels (as well as of respiration). The reaction 
to a “novelty,” or what I. Pavlov designated as an orientation reflex or a 
“what is it?” reflex, is inhibited if the stimulation is repeated. If, however, 
a pain sensation arises or the skin is chilled in response to the stimulation 
of the exteroceptors the reflex constriction of the vessels and the accelera- 
lion of the heart rate caused by it do not decrease when the stimulation 
is repeated. A rise in blood pressure is the most characteristic reaction 
of the blood pressure to traumatic (pain) stimulation. However, under 
sustained and strong traumatic stimulation the reaction may be perverted, 
i.e., the vessels may dilate, sometimes resulting in a considerable drop 
in the blood pressure. 

In response to stimulation of the skin by cold the vessels in the chilled 
region and in the corresponding parts of the body become reflexly con- 
stricted. The vascular reactions manifest themselves in man most markedly 
in response to chilling (or heating) of the portions of the skin which are 
usually exposed. An enormous role is played in this case by the natural 
conditioned reflexes developed on the basis of temperature influences. 

Heating of the skin (and of the internal organs) leads to dilatation of the 
vessels. Thus, the blood flow through an arm immersed in water, heated 
to 42°C, may increase 6 to 8-fold compared with the blood flow observed 
in the skin acted upon by water, heated to 35°C. 

Stimulation of the pain receptors often leads to dilatation of the vessels 
in the part of the body where the stimulated receptors are located and to 
simultaneous constriction of the vessels in other regions of the body. This 
is the so-called Lovén reflex. 


Conditioned-Reflex and Complex-Refiex Regulation of Circulation 


The mechanisms of circulatory regulation considered above are inborn 
and may also function after the removal of the cerebral cortex. But under 
normal conditions the cerebral cortex constantly regulates the activity of 





Fig. 72. Plethyamograph. 


the circulatory system by influencing all the lower divisions of the central 
nervous system and by establishing the relations between all the functions 
of the body and the external environment. 
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In studying normal circulatory regulation, especially in man, it is very 
important (in addition lo studying the activity of the heart and the blood 
pressure) to record the value of the blood-filling of the extremities with 
the aid of a plethysmograph. 


i the volume of the extremity placed in the plethysmograph increases the water is 
driven into the tube connected with the latter and the air in it compresses causing the 
rubber membrane covering the cavity of a Marey capsule, which is connccted with 
this tube, to bulge. If the blood flows to and from the extremity at the same rate there 
will be no variation in the volume of the extremity. But since more blood flows into 
the arteries than out of them into the arterioles during systole the volume of the 
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wer 45°C 
Fig. 73. Plcthysmographic record of arm volume. 


Upper record (.4) shows constriction of vessels (decrease in nrm volume revealed by lowered 

pluthyamogram) at sound of bell previously repeatedly combined with action of cold and rein. 

foreod by stimulation with cold (mark “eold")., Lower record (R) shows dilatation of veseels 

(morease in arm volumo revealed by rise in plethysmographic curve) at sound of metronome 

(M 120) previously combined soveral dozen times with warming tho arm and reinforced by this 
warming (mark -warm water 45" C) (after A. Rogov). 


extremity during systole increases, This is shown by the pulse variations on the ple- 
thysmographic curve. Plethysmographic studies make it possible to record increases 
in the blood supply to the musculature during work and heating and decreases 
during cooling, respiratory variations, variations in the blood-filling of the ex- 


tremities, etc. 


Any stimulus coinciding with the action of an agent which causes an 
unconditioned vascular reflex becomes a conditioned stimulus causing the 
same vascular reaction. By accompanying the sound of a bell 50 to 80 times 
with the application of cold to the skin a marked constriction of the vessels 
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is attained in the experiments on the effect of the bell alone (Fig. 73, top; 
the conditioned reflex begins to appear already after the aforesaid stimuli 
are combined 10 to 15 times). The agent preceding heat stimulation causes 
the typical dilatation of the vessels, which characterizes their reaction to 
heat stimulation (Fig. 73, bottom). The agents combined with the 
action of a pain stimulus cause (even if combined but few times) the same 
constriction of the vessels and acceleration of the heart rate as does the 


pain stimulation which they signalize. 





Fig. 74. Suppression of offeet produced on vessels by unconditioned (pain) stimulus under 
influence of conditioned stimulus which causes opposite reaction of vessels. 


Effect on blood-filling of arm (plethysmographie record): top left -of hoat stimulation (mark: t* 43°-10%), 
bottom feft-—pain stimulation (mark: t° 69°-10°) produced by heating portion of skin by hoat cloetrode, 
Thermal stimulation causes reflox dilatation of vessels (rise in curve), pain stimulation produew thoir 
Teflex constriction (drop in curve). Top right- -effert of conditioned stimulus (mark : light 307) reinforced 
as usual hy action of host (mark: t 43°-107); bottom right— feet of pain stimulus (mark: t° 63°-10") 
applied after signal of thorinal stimulation (light) at moment when light stimulus is usually reinforeed 
by heat. Unconditioned vascular reflex to pain stimulus (eonatriction of vessels) in completely supprosaed 
(after A. Pahonik). In cach illustration from top to bottom: plethyamnogeaphic record of arm volume, 
time of action of conditioned stimulus (intermittent flashes of bulb) and time of setion of uneondi- 
tioned stimudus, 


The vascular conditioned reflexes are subject to all the laws established 
by the Pavlov school for cortical activity. Their development neces- 
sarily involves the cerebral cortex; in hemiplegia patients, in whom the 
haemorrhage impairs the connections of the cutaneous and motor analysers 
of the cortex of one hemisphere with the lower centres, the conditioned vas- 
cular reflexes are particularly disturbed on the side of the body opposite the 
focus of the discase. If not reinforced the vascular and cardiac conditioned 
reflexes are extinguished. They can also be inhibited by the action of extra 
stimuli (external inhibition). 


Vascular conditioned reflexes may develop as conditioned reflexes of 
the second, third and higher orders in which a conditioned reflex is formed 
on the strength of the formerly developed conditioned reflexes rather 
than because it is reinforced by unconditioned reflexes. In man conditioned 
reflexes develop in response to verbal stimuli, words pronounced, heard 
and read (Chapter 65). Thus, if a bell is combined several times with a 
pain stimulus the words “I am going to ring” or showing a sign with the 
same words produces the same constriction of the vessels as does the sound 
of the bell or the pain stimulus signalized by it. People, subjected to these 
tests, later stated that such verbal stimulation sometimes produced a sensa- 
tion of pain. Vascular reactions to verbal stimuli were also obtained in 
response to words which directly designated the action of the uncon- 
ditioned stimulus; for example, a dilatation of the vessels in response to 
the words “I am turning on heat" and a constriction of the vessels in 
response to the words “I am making it cold” were regularly observed. 

Observations made during studies of vascular conditioned reflexes show 
that their effect is often stronger than that of unconditioned stimuli. Nor- 
mally all vascular reactions, like the changes in cardiac activity, always 
bear the stamp of cortical influences and occur as complex-refler acts in 
which the conditioned and unconditioned nervous connections are knitted 
together. An unconditioned stimulus applied alone exerls a weaker influ- 
ence on circulation than the same unconditioned reflex combined with its 
usual signals. Jt is precisely for this reason that the vascular reaction in 
response to exposing the trunk to the action of the wind, i.e., portions of 
the skin usually covered by clothes, is negligible, whereas the same ex- 
posure of the skin of the face to the wind (to an even weaker wind) is 
accompanied by a marked constriction of the vessels characteristic of the 
cooling effect usually produced by the action of the wind on man. 


Since the influences of conditioned stimuli on the circulatory system dominate the 
conditioned reficx is reproduced even when an unconditioned stimulus, which in itself 
should produce a contrary effect, acts at the same time. Thus, if during the action 
of light transformed into a signal of heat stimulation by accompanying (reinforcing) 
it with heat we apply a pain stimulus (not very strong) instead of the hcat the 
former does not produce the usual effect: dilatation of the vessels produced by the 
conditioned stimulus (light) continues, while constriction of the vessels characteristic 
of the pain stimulation does not. take place. 

It has been found that a verbal signal may also cxert a stronger influcnce on the 
cardiovascular system than does an unconditioned stimulus. Thus, for example, if we 
apply a pain stimulus (not a very strong one, of course) at the words “I am turning 
on heat” we observe a dilatation of the vessels rather than their constriction despite 
the “unconditioned” action of the injurious agent. Under the circumstances the people 
studied experienced a sensation of the heat stimulation in accordance with the cor- 
tical signal of the second signal system (Chapter 65) rather than with the actual 
pain stimulus. 


In people with a diseased cortex of one cerebral hemisphere (hemiplegia), 
as well as with functional disorders of the cerebral cortex, for example, 
due to starvation or stimulation, which upset the normal balance between 
excitation and inhibition (Chapter 61), the reaction of the vascular system 
to unconditioned stimuli changes: the reactions of the vessels to cold, pain 
and heat stimuli markedly decrease and become uniform. This also shows 
the great influence of cortical stimuli on the normal activity of the vas- 


cular system. 


In fatigue, caused by physical or mental work, the vascular conditioned reflexes 
inarkedly weaken and somctimcs even become distorted. In the latter case the agents 
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constantly reinforced by, say, stimulation vith cold may dilate rather than constrict 
the vessels. In fatigue the unconditioned vascular reflexes to heat and cold also 
change. The reflexes are weaker. This probably explains why it is so easy to catch 
cold when a tired body is exposed to the action of cold. 

The cerebral cortex continuously influences the activity of all the lower centra! 
structures. This is manifest, in particular, in the constant inhibition of the excitation 
in the nuclei of the vagus by the cerebral cortex (A. Smirnov) and in the inhibition 
of the reflexes produced by stimulation of the interoceptors (p. 169); owing to this the 
changes in the activity of the cerebral] cortex also affect the vascular system when the 
given changes are produced by signals which are not directly connected with the 
activity of the heart and of the vessels. 

Normally the impulses from most of our interoceptors, including the receptors of 
the heart and the vessels, do not produce any definite sensations (for example, when 
a weak, barely felt mustard plaster is applied). They may, however, form temporary 
connections with the action of various agents of the external environment. Because 
of this a number of agents of the outside world acting simultaneously with certain 
stimuli of the interoceptors produce conditioned-reflex changes in the work of the 
internal organs (including the activity of the cardiovascular system) and influence the 
circulation. Here a continuous development of natural conditioned reflexes takes 
place. Thus, food stimuli combine with the stimuli of the interoceptors in the diges- 
tive tract and its vessels, which reflexly conditions an increased blood flow to the 
organs of the abdominal cavity. The odour and consumption of food are, therefore, 
necessary factors in the circulatory changes characteristic of digestion. The stimuli of 
the extcroceptors connected with the act of working similarly combine with the vas- 
cular, cardiac and respiratory reflexes, which arise during stimulation of the receptors 


of the musculature, etc. 


Changes in tH€ activity of the cerebral cortex may lead to pathological 
disorders of circulation. Suffice it to change in the experiment the nature 
of the reinforcement of the conditioned stimuli, for example, to replace 
the heat, which reinforces the effect of the bell, by cold, i.e., an agent 
which exerts a contrary reflex influence, to make the conditioned stimuli, 
whose action on the vessels is inhibited, produce negative vascular reflexes 
and the positive vascular reflexes to disappear. In this case wave-like varia- 
tions in the blood-filling of the extremity appear depending on the varia- 
tions in the excitation of the vasomotbr centre and corresponding to the 
waves of arterial pressure of the third order. 


CHAPTER 18 
CIRCULATORY CHANGES IN VARIOUS STATES OF THE BODY 


Interrelation of All Changes in the Circulatory System 


Circulation supplies the tissues with nutritive substances and oxygen 
and removes the waste products (carbon dioxide and other substances) 
from the tissues. Any sustained increase in the activity of an organ is pos- 
sible only if the blood flow to it is increased. If the circulation of an organ 
is impaired this organ can no longer function normally. 


Thus, if the coronary vessels are affected the blood supply to the heart proves 
inadequate and cardiac activity is impaired. If the blood supply to the heart is not 
very much deranged the weakening in the work of the heart hardly manifests itself 
during muscular rest but clearly comes to the fore during muscular activity; even 
negligible muscular work produces a strong and protracted acceleration of the pulse, 
dyspnoea and pain in the region of the heart. The origin and significance of these 
symptoms are treated in detail in a course of pathological physiology. 


Dilatation of the vascular channel in a small portion of the vascular 
system hardly influences circulation as a whole. Dilatation of the vessels 
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in a large vascular region would immediately lead to a drop in the arterial 
pressure and, consequently, to a slowing down of the blood flow if these 
were not simultaneously attended by a) an increase in the activity of the 
heart, b) constriction of the vessels of the organs which at this time are in 
a state of rest, and c) emergence of the blood from the blood depots. 


Effect of Muscular Work on Circulation 


A number of reflexes evoked by the stimulation of the mechanoreceptors 
of the contracting muscles (as well as their tendons and ligaments), of the 
chemoreceptors of the muscular tissue and, probably, of the baroreceptors 
of the muscular vessels represent the inborn mechanism of circulatory 
regulation during muscular activity. These reflexes increase cardiac 
activity (the tone of the vagal fibres which inhibit the heart decreases and 
that of the cardiac accelerators increases). At the same time there is a 
reflex increase in the exci- 
tation of the vasomotor 
centre and an increased 
production of a number of 
metabolites (adenylic acid, 
acetylcholine, histamine, 
CO, and lactic acid). The 
increase in the concentra- 
tion of these substances in 
the working muscles leads 
to dilatation of the capil- 
laries and arterioles of these 
muscles. Meanwhile the 
excitation of the vasocon- 


strictor centre, which occurs ean i 

reflexly during muscular f Fig. 75. Blood supply of muselo during work. 
activity, leads to constric- Tums a ineinccd ty diner n e ant 
tion of the vessels only in by electric discharges); curve of blood pressure and curve show- 
the nonworking parts of is {ndieatai hy figures. It in'rvident thet the ineroue in the 
the body, in the skin, in contraction of the gastrocnemiua muscle in connected with the 
the abdominal organs and increase in the blood fow (after Rein). 

in the blood depots. 

During hard muscular work the concentration of lactic acid, hydrogen 
ions and carbon dioxide in the blood rises; the blood gives the muscles 
more oxygen than during rest. The change in the composition of the blood 
stimulates the chemoreceptors of the vessels and tissues distal to the 
active musculature. This gives rise to a number of new reflexes which 
alter circulation and respiration. The change in the composition of the 
blood, which bathes the central nervous system, also affects the state of 
the latter. 

During muscular work circulation is normally regulated by cortical 
stimuli which arise as a result of a number of natural conditioned reflexes 
developing from the first months of life in response to the entire pattern 
of stimuli connected with various forms of muscular activity. 

During hard muscular work the activity of the heart increases to the 
extent that its minute volume reaches 20 to 35 litres at a rate of 150 to 240 
beats per minute and a stroke volume of 150 to 180 ml. Usually the arterial 
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blood pressure does nol rise sharply during muscular werk because in 
addition to the constriction of the vessels of the resting organs, the increase 
in the work of the heart and the increase in the mass of the circulating 
blood, i.e., factors leading to a rise in the arterial pressure, there is an 
enormous increase in the vascular bed of the working muscles due to 
a dilatation of the arterioles and an increase in the number of open 
capillaries. 


Circulatory Reactions to Changes in the Position of the Body 


When the body is in a vertical position the blood flows by force of grav- 
ity to the organs of the abdominal cavily and especially to the lower extrem- 
ities. In healthy people the systolic blood pressure does not change or 
drops only a few mm. Hg while the diastolic pressure slightly rises. In 
changing from the horizontal position to the vertical the pulse rate always 
increases owing to which the minute volume of the heart remains constant 
despite the fact that the beat (systolic) volume somewhat decreases. Main- 
tenance of normal arterial blood pressure in a vertical position is possible 
because the decreased venous blood flow to the heart, which is due to the 
flow of blood to the legs, is compensated by a reflex constriction of the 
vessels of the abdominal cavity. It is probable that normally the natural 
conditioned reflexes, which arise because of the constant combination of 
the afferent impulses from the receptors of the muscles, contracting when 
the vertical position is assumed, with the reaction of the vasomotor centre 
condition the regulatory reaction (constriction of the vessels of the abdomi- 
nal cavity and the acceleration of the heart rate) even before the change to 
the vertical position has actually occurred. When normal activity of the 
cerebral cortex is interrupted or disturbed, for example, in anaesthesia, the 
change to the vertical position causes a considerable drop in the arterial 
blood pressure. 


Effect of Digestion and External Temperature on Circulation 


During digestion the amount of blood flowing through the organs of the 
abdominal cavity increases by 30 to 50 per cent (this flow of blood to the 
organs of the abdominal cavity is probably responsible for the certain som- 
nolence and desire for rest frequently noted in people after a substantial 
meal). 

Any rise in the temperature of the surrounding environment causes an 
increased blood flow to the skin (a reddening of the skin in man). When a 
large portion of the body is heated a dilatation of the cutaneous vessels 
may cause a considerable drop in the blood pressure if it is not compensated 
by a constriction of the vessels of the abdominal organs, a draining of the 
blood depots and an increased activity of the heart. 


Mechanism of Certain Circulatory Disorders 


If the arterial blood pressure falls below 70 to 80 mm. Hg the blood 
supply to the central nervous system and to the heart is deranged; a sub- 
stantial drop in the arterial blood pressure leads to rapid death if the reflex 
mechanisms do not equalize the pressure. 

Effect of weakened cardiac activity. A considerable slowing down of 
the heart rate (to 30 or 20 and fewer beats per minute), as well as a sub- 
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stantial weakening of the cardiac contractions, always leads to a drop in the 
arterial blood pressure. 

Losses of blood resulting in a decrease in the mass of the blood flowing 
in the circulatory system are responsible for a diminished blood flow to the 
heart and, consequently, for the fall in the blood pressure and for the 
disturbance in the nutrition of all organs, including the brain and the heart. 
If the loss of blood docs not exceed 1/5 to 1/4 of the total amount of the 
blood the drop in blood pressure leads to a decrease in the stimulation of 
the receptors of the aortic-carotid zone which causes a reflex constriction 
of the vessels and a draining of the blood depots; owing to this the blood 
pressure may maintain the arterial pressure on a normal level. Subse- 
quently, the fluids pass vigorously from the tissues into the blood. Dis- 
orders of the regulatory mechanisms greatly increase the danger of even 
small losses of blood. If the sympathctic nervous system is removed even 
a small loss of blood leads to death because of the irresistible fall of the 
blood pressure. 

The phenomena of shock usually occur after abnormal stimulation of 
the vasoconstrictor centre and its motoncurons. This takes place during 
serious injuries always connected with stimulation of a large mass of 
receptors (for example, in crushed extremities, heavy injury to the ab- 
dominal cavity, considerable burn and stimulation of the receptors of the 
pleura and the nerve tracts which run in the region of the mediastinum). 
It is believed that the drop in blood pressure in shock is always 
preceded by a phase (somctimes very brief) of reflex stimulation of the 
vasomotor centre gradually replaced by inhibitior, probably of a parabiotic 
nature (sce Chapter 50). 


The agents that stimulate the vasoconstrictor centre and alter the general state 
of the central nervous system often aid in the development of shock. Such is the 
ellect of cooling and of a loss of blood (even a small loss). Typical shock can be pro- 
duced not only by inflicting un injury on an animal or by deliberately stimuiating a 
large number of afferent fibres (for example, by sustained electric stimulation of the 
sciatic nerves), but also by stimulating the interoceptors which are stimulated during 
blood losses, i.e., by stimulation which in the beginning reflcxly excites the vasocon- 
strictor centre. If the loss of blood is so great that the arterial pressure is main- 
tained at 30 to 40mm. Hg for 1'4 io 2 hours even the return of the entire extracted 
blood to the body after that raises the pressure only for a short time. The typical 
shock that devclops is not due to any change in the conditions of haemodynamics 
caused by the loss of blood, but to the prolonged abnormal stimulation of the inter- 
oceptors and of the centra) nervous system, and to the insufficient blood supply to 
the higher divisions of the brain, which deranged the central innervation of the vessels. 


The reaction of the higher divisions of the brain to the complex of stim- 
uli, which cause shock, is of special importance in the development of 
the phenomena of shock. The cells of the cerebral cortex are, as Pavlov 
said, the most sensitive cells of the central nervous system and are, therc- 
fore, the first to be deeply affected when acted upon by especially strong 
impulses and to alter their functions as a result of abnormal conditions 
of activity. It has been found that a drop in the efficiency of the cortical 
cells due to inadequate nourishment fosters the development of shock. 
It has been shown (and this circumstance is made use of in practice) that 
the development of protective inhibilion in the cerebral cortex, caused 
by administration of hypnotics, aids in preventing shock (E. Asratyan). It 
has also been shown that an injury inflicted during anaesthesia when the 
reactions of the cerebral cortex to afferent stimuli are weaker, and an 
injury to the regions of the body whose receptors were paralyzed by novo- 
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cain (A. Vishnevsky) lead to shock much more seldom than an injury 
inflicted when the large hemisphercs are in a normal state. 


Hypertension. Sustained high blood pressure is called hypertension; this condition 
gradually leads to disorders of a number of functions of the body. High blood pres- 
sure adds a permanent extra load to the heart, alters the conditions of metabolic 
exchange between the blood and the tissues and causes additional stimulation of the 
baroreceptors which reflexly affects the nerve centres. 

The reason for the rise in arterial pressure in hypertension is the sustained high 
{one of the smooth musculature of the arterioles. 

Sustained high arlerial pressure can be easily produced experimentally by dener- 
vation of the aortic and the sino-carotid zones. However, the risc in blood pressure 
after denervation of the aortic-carutid zone is partly due to the abnormally high 
heart rate causcd by elimination of the impulses which increase the tone of the vagal 
centre. According to recent information (Chernigovsky) the sustained high artcrial 
pressure produced by denervation of the aortic and carotid zones disappears after 
denervation of the kidneys. Experimental hypertension can also be produced by con- 
striction of the afferent vessels of the kidneys which leads to increased production 
of renin (p. 159). But in the origin of hypertension in man ncither of these mechanisms, 
which may lead to sustained high blood pressure, usually constitutes the primary 
factor. Many studies show that in the initial phases of hypertension no changes in 
the reaction to the stimulation of the sino-carotid zone nor any increase in the content 
of renin or hypertensin in the blood are noted. 

In man hypertension mostly occurs alter a period of extraordinarily vigorous activ- 
ity of the higher divisions of the brain (G. Lang) especially when combined with 
poor nutrition. It has also been established experimentally that it is possible to pro- 
duce a stable rise in blood pressure of animals by using “clashes” between the stimu- 
latory and inhibitory processes in the cerebral cortex (Chapter 63) or by repeated 
action of superstrong stimuli. Changes in the functional state of the cerebral cortex 
lead to abnormally high excitation of the vasomotor centre (naturally, including in 
the idea of the vasomotor centre also the structures of the cerebral cortex involved 
in the regulation of the vascular tone). The abnormally strong stimulation of the 
vasoconstrictor neurons is, probably, duc to a decrease in or a cessation of the in- 
hibitory intluence, which the cerebral cortex normally exerts on the vasoconstrictor 
centre. The stimuli, which normally produce a depressor effect, cause a rise in blood 
pressure when the central vasoconstrictor neurons are in a state of high excitability. 

As a result of an increased excitation of the central vasoconstrictor apparatus the 
arterioles of a number of vascular regions, including the vessels of the kidneys, 
become constricted. This may lead to ischaemia of the kidneys and to an increased 
production of renin which together with the renin-activator of the plasma produces 
hypertensin, the vasoconstrictor substance. As a result the constriction of the vessels 
also increases under the influence of the humoral (“renal”) factor; hypertension in- 
creases and becomes more stable. 

Advanced hypertension, like all serious disorders of the circulatory system, gives 
rise to phenomena of a vicious circle when the insufficiency of circulation leads to 
an insulficient supply of blood to the brain and the entire innervational regulation 
ef the heart and the vessels is impaired, which in its turn results in a still greater 
impairment ol circulation and further disorders of its regulation. 


CHAPTER 19 


PECULIARITIES OF CIRCULATION IN CERTAIN 
VASCULAR REGIONS 


Pulmonary Circulation 


The blood pressure in the arteries of the pulmonary circuit is 1/5 to 1/6 
that of the aorta. In the pulmonary artery it is 20 to 40 mm. Hg during 
systole and 4 to 15 mm. Hg during diastole. The mean pressure in the 
pulmonary artery is considered to be approximately 20 mm. Hg. Under 
normal conditions the blood flows through the pulmonary circuit in about 
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10 seconds. Normally the minute volume of the right heart equals the 
pth of blood flowing during the same period through the systemic 
circuit. 

The lungs usually contain from G6 (during expiration) to 10 or 12 per 
cent (during a deep inspiration) of the total blood of the body. Since the 
capillaries and venules of the lungs are highly extensible the volume 
of the blood in the lungs increases when the flow of the bleod to the left 
atrium is impeded. Overfilling with blood ihe pulmonary vessels can 
hold close to 1/5 of the total amount of the blood. This results in pulmo- 
nary congestion, in a rise in pressure in the minor circuit, especially in 
the pulmonary veins, and, owing to this. in a distention of the left heart. 
It is accompanied by an increase in the contractions of the left ventricle 
duc to which the changes are in some measure equalized. 


Coronary Circulation 


The heart is nourished by the blood which flows along the two coronary 
arteries; the left coronary artery carries about 75 to 80 per cent of the 
blood coming to the vessels of the heart. The coronary arteries divide into 
smaller arteries, while the capillaries 
that arise from the latter entwine all of 
the muscular and nervous structures of 
the heart. The number of capillaries per 
unit of volume of the heart muscle is 
about twice the number of the capillaries 
in the skelctal muscles and increases 
during the functional hypertrophy of the 
heart. The greater part of the venous 
blood (60 to 70 per cent), which flows out 
of the capillaries, enters the right atrium 
through the coronary sinus; about 1/3 
of the blood of the venous system of the 
heart enters small veins (thebesian 
veins). 

The blood supply to the heart is pecul- 
iar in that during systole of the ven- 
tricles the flow of blood through the 
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coronary artcries compressed by the 
contracting heart muscle temporarily 
decreases and less blood is, therefore. 
delivered to the heart tissues. Imme- 
diately following the end of the systole 
the blood supply 1o the heart increascs 
(Fig. 76). 

The higher the pressure in the aorta, 
everything else being equal, the more 
blood flows through the coronary vessels. 
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Fig. 76. Amount of blood (lower 
curve) flowing from coronary veins at 
different moments of the cardiac ey- 
cle, compared| with the changes in 
the aorta (upper curve). 
Between a and b- poriod of tension, ho- 
tween band c- sharp rise in sortie pressure, 
Vertical lines show beginning and end of 
syslol and diastole (ufter Unyers). 


The myohaemoglobin contained in the heart muscle very easily gives 


off the oxygen with which it is combined. It is possible that during systole, 
when the flow of blood to the heart decreases, the splitting off of the 
oxygen from the myohaemoglobin plays an essential part in giving off 
the oxygen to the oxidized substratum. During diastole, when the heart 
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is abundantly supplied with blood and an increased amount of oxy- 
gen is liberated by the blood, the myohaemoglobin recombines with 
oxygen. 

The nervous regulation of the coronary vessels is singular in that here 
the sympathetic nerve fibres (the postganglionic fibres arising mainly 
from the stellate ganglion) and adrenalin usually dilate the coronary ves- 
sels. Stimulation of the sympathetic nerves or injection of adrenalin in- 
creases the coronary blood flow 2 to 3-fold. Contrariwise, excitation of the 
vagal fibres leads to constriction of the coronary vessels. The nerve cells 
whose axons are the fibres of the vagi which innervate the coronary ves- 
sels, are usually, apparently, in a state of certain excitation (the tone of 
the vasoconstrictor neurons innervating the coronary vessels). 

The blood flowing through the coronary vessels is approximately 6 to 
10 per cent of the minute volume of the heart. During muscular work, when 
the minute volume increases 8 to 10-fold, the blood flow through the coro- 
nary vessels, apparently, increases less markcdly, only 3 to 4-fold, but 
much more oxygen of the blood is used in the cardiac capillaries. 

The discases of coronary circulation encountered clinically are coronary 
thrombosis (myocardial infarction) and angina pectoris (spasms of the 
coronary vesscls). 

Disorders of the normal blood supply to the heart very often give rise 
to keenest pains. 


Cerebral Circulation 


When insufficiently supplied with oxygen the nervous tissue and espe- 
cially the cells of the higher divisions of the central nervous system cease 
functioning sooner than the cells of other organs. Compression of the ves- 
sels running to the human brain causes almost immediate loss of con- 
sciousness. A drop in the gencral blood pressure in the large arteries 
below 70 to 80 mm. Hg leads to an insufficient cerebral blood supply and 
to disorders of the cerebral function. In slight anaemia of the medulla 
oblongata the vasoconstrictor centre is stimulated, and this leads to a rise 
in blood pressure and to an increase in the blood flow 10 the brain. 

Due to the constancy in the volume of the cranium the cerebral vessels 
show no pulsatory changes in the volume of the blood they contain. The 
blood flows along the cercbral vessels in a continuous stream, and the 
pulse waves in the cerebral arteries are suppressed. 


Former investigators repeatedly described cerebral “pulsations” whose rhythm 
corresponded to the rhythm of the heart-beats. The studies conducted by Klosovsky 
have shown that these pulsations arise only after trepanation of the skull, i.e., creation 
of an opening in its osseous integuments. 


Owing to the constancy in the volume of the cranium changes in the 
amount of blood contained in the cerebral vessels are possible only during 
corresponding changes either in the mass of the cerebral tissue (including 
the glia, etc.), or in the amount of the cerebrospinal fluid. If the blood 
flow to and from the brain increases to the same extent the rate of the 
blood flow to the brain may increase regardless of the total amount of 
blood which fills its vessels. Changes in the volume of the cerebrospinal 
fluid can hardly occur rapidly, and the increase in the amount of blood, 
which fills the cerebral vessels, is probably connected with a decrease in 
the volume of the cerebral tissue (including the glia and the intercellular 
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substance) produced by a change in the state of its colloids. lt is, therc- 
fore, probable that the nervous influences on the cercbral vessels are 


closely connected with the nervous reflex influences on the cerebral 
metabolism. 


The blood is continuously redistributed in the brain because of the dilatation of 
the arterioles and capillaries in the portions of the cerebral cortex which are in a 
state of vigorous activity at the given moment and because of the simultancous de- 
crease in the lumina of the vessels in the portions of the cortex, which are at this 
time in a state of compurative rest (and, probably, in the portions of the cortex which 
are in a state of certain inhibition), B. Klosovsky observed that stimulation of the 
vestibular apparatus led to a dilatation of the vessels of the pia mater only in 
the parietal region of the cortex which reccives the impulses frum the stimulated re- 
ceptors, whereas the vessels of the membrane of the occipital zone were at this time 
somewhat constricted. Contrariwise, illumination of the eyes leads tu dilatation of the 
vessels in the occipital portion of (he cerebral cortex. 


PARTIV 
RESPIRATION 


The process of respiration may be divided into: 

1) External (pulmonary in higher animals) respiration, i. e., all gaseous 
exchanges between an animal organism and ils environment which sup- 
plies oxygen to the blood from the environment and eliminates carbon di- 
oxide from the blood. 

2) Transport of gases by the blood —oxygen from the respiratory organs 
to the tissues and carbon dioxide from the tissues to the organs of respi- 
ration. 

3) Internal or tissue respiration, which includes all forms of oxygen 
consumption by the cells and production of carbon dioxide in the cells 
as a result of the oxidative processes which lead to liberation of energy. 


CHAPTER 20 
PULMONARY RESPIRATION 


Development of Respiratory Organs 


Structure. The organs of respiration of various animals differ in structure, but all 
have a large surface of contact with the external environment and are abundantly 
supplicd with blood vessels, which ensure gaseous exchange between the external 
environment and the blood. The significance of the skin as a surface through which 
gascs may be exchanged diminishes in the process of evolution because of the devel- 
opment of the corneal layer of epithelium which is almost impermcable to gases. 

Aquatic animals breathe through gills which are outgrowths of the body surface 
or (as in fish) of the anterior division of the gut. Insects respire through a peculiar 
system of air passages which reach al! tissues. 

The entire system of gas transport by the body fluids also changes in the course of 
phylogenetic development. In the lowcr organisms this process is confined to transport 
of gases dissolved in the blood; during subsequent evolution oxygen chemically com- 
bines with the respiratory hacmoglobin pigments. The respiratory pigment of inverte- 
brates is dissolved in the plasma; in vertebrates it is found only in the blood cor- 
puscles. Changes in the mechanism of oxygen transportation by the blood also atfect 
the conditions of carbon dioxide transport. The end results of this evolutionary devel- 
opment of the functions of the blood are, firstly, the capacity to transport consider- 
able amounts of gases by a restricted quantity of Nuid and, secondly, the carrying 
out of all the chemical processes of gas assimilation and elimination without marked 
shifts in the physicochemical propertics of the blood (hydrogen ion concentration and 
osmotic pressure). 


In mammals the entire gaseous exchange with the environment is ac- 
tually effected through the surface of the lungs with no more than 
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1-1.5 per cent of the consumed oxygen being absorbed through the skin 
and the digestive tract. 

Anatomy of the lungs. The lungs consist. of epithelial tissue, rich in 
elastic fibres, which forms a tremendous number of microscopic air-sacs— 
the alveoli. The very thin walls of the alveoli are surrounded by capilla- 
ries of the pulmonary artery. There are hundreds of millions of these 
alveoli in the lungs so that despite the negligible size of each individual 
alveolus their total surface in man is from 60 to 120m.2. The alveolar 
cavities come in contact with the atmospheric air through the bron- 
chioles, bronchi, trachea and nasopharynx. 

The exchange of gases between the blood and the air occurs only in the 
alveoli and, possibly, in the terminal bronchioles (so-called respiratory 
bronchioles). The bronchioles, bronchi, trachea and nasopharynx are 
nothing but air passages through which the cavities of the alveoli com- 
municate with the atmosphere. These air-carrying channels in a human 
adult have a volume of 120 to 180 mi.. while the volume of air filling 
the alveoli is usually 2 (o 3 litres. 


Mechanism of Lung-Volume Changes During Respiratory Movements 


Pulmonary breathing results from the changes in the volume of the 
lungs conditioned by the respiratory movements of the thorax. The vol- 
ume of the lungs increases during cach inspiration owing to an enlarge- 
ment of the thoracic cavity produced by contractions of a number of skej- 
ctal muscles. The pressure of the air in the lungs falls below that of 
the atmospheric air and the latter is sucked into the lungs. During an 
expiration the volume of the lungs diminishes because of a decrease in 
the size of the thoracic cavily; the air pressure in the lungs rises by 20 to 
40 mm. H,O above that of the atmosphere and the pulmonary air is forced 
out. 

The lungs passively follow all changes in the configuration and volume 
of the thorax. This dependence of the volume of the lungs on the size 
of the thoracic cavity is conditioned by the extensibility of the lungs and 
the anatomic relations in the thorax. 

Extensibility and elasticity of the lungs. The lungs contain a large 
amount of elastic tissue and are, therefore, very extensible and clastic. 
This can easily be observed if we compress the trachea and open the tho- 
rax. The lungs appear as large pink-coloured bags. With the opening of 
the trachea the lungs at once collapse, the air leaves them and they now 
look like small grey structures lying on the dorsal wall of the thorax. If 
air is pumped into the lungs from bellows connected with the trachea they 
will greatly distend and protrude from the open thoracic cavity. 

The lungs will always distend, like any hollow body with extensible 
walls, when the air pressure on their internal surface is higher than that 
on their external surface. In other words, distention of the lungs requires 
a difference in pressures on their inner and outer walls. This difference 
in pressures is the force necessary to overcome the resiliency of the pul- 
monary tissuc which may be designaicd as the elastic pull of the lungs. 
Its value is easily determined by measuring the pressure required to dis- 
tend the lungs with air pumped into them by bellows. 

A T-tube connected with bellows and a manometer is inserted in the 
trachea of the animal with an open thorax. If the atmospheric pressure 
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acting on the external surface of the lungs in the open thorax is 760 mm. Hg 
we can increase the internal pressure in them, say, to 765 mm. by pumping 
air into them. The excess pressure exerted on the internal walls of the 
lungs will be the force to overcome their elastic recoil and to distend 
them. The greater the difference between the air pressure inside and out- 
side the lungs the more they will distend. It is clear that this difference 
between the external and internal pressure can be made to vary within 
the same limits either by increasing the internal pressure or by a propor- 
tional decrease of the external atmospheric pressure. 

Donders’ experiment. Donders’ experiment serves to illustrate this prin- 
ciple. The device consists of a glass jar whose bottom is replaced by a 
rubber membrane. The lungs inside this 
vessel communicate with the external 
air through a tube inserted in the tra- 
chea, and held mainly by a stopper 
which hermetically seals the vessel 
(Fig. 77). The lungs thus communicate 
with the atmosphere, whereas the 
space that surrounds them docs not. 
A pull on the rubber membranc of 
the vessel increases the volume of the 
latter, while the air in the space that 
surrounds the lungs rarefies and its pres- 
sure drops in relation to the atmosphere. 
The atmospheric pressure acts on the 
internal surface of the lungs through 
the tube inserted into the trachea. This 
results in a difference between the 
pressure of the atmosphere and that of 
the rarefied air in the space surround- 
ing the lungs. The difference in the 
pressures distends the lungs when the 
bottom of the vessel in Donders’ model 
is pulled on. i 

The conditions determining the changes 
in the volume of the lungs during 
the act of respiration physically resem- 
Fig. 77. Donders’ model (explanation ble the relations imitated in Donders’ 

in: text). experiment, since in both cases the dis- 

tention of the lungs depends on the 

lowering of the pressure in the space surrounding them. It should be re- 
membered, however, that normally there is no air around the lungs. 

Negative pressure in the pleural cavities surrounding the lungs and its 
variations during inspiration and expiration. The lungs are in the thoracic 
cavity which is normally always hermetically sealed. The outer surface 
of the lungs is entirely invested in the visceral pleura which forms a 
single whole with the former. The inner wall of the thorax, the diaphragm 
and the organs of the mediastinum are covered with the parietal pleura. 
The pleurae are lubricated by a small amount of serous fluid which de- 
creases their friction during respiratory movements. Between the visceral 
and parietal pleurae there is a narrow capillary slit which is frequently 
wrongly termed the pleural cavity, but which should rather be designated 
as the interpleural slit or virtual interpleural space. 
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Thus, the lungs are in a hermetically sealed thorax and are surrounded 
by the pleurae with an interpleural capillary slit which does not commu- 
nicate with the atmosphere and does not contain any air. The atmospheric 
pressure, therefore, exerts unilateral action on the inner surface of the 
lungs and presses with all its force the lungs and visceral pleura to the 
walls of the thoracic cavity covered with the parietal pleura. The atmos- 
pheric pressure acting in the above manner on the inner wall of the 
lungs is scores of times as great as their clastic recoil distended as they 
may be. Because of this, whatever the volume of the thoracic cavity, the 
lungs always fill its entire space not taken up by other organs. During 
each inspiration the contractions of the skeletal muscles in the walls of 
the thorax (external intercostals), the diaphragm and others increase the 
capacity of the thoracic cavity in the vertical, transverse and saggital 
diameters. 

During inspiration the contracting muscles of the thoracic walls pull 
the parictal pleura away from the lungs with their visceral pleura. How- 
ever, the pleurae cannot be separated because atmospheric pressure al- 
ways presses the lungs with the visceral pleura to the parietal pleura, 
i.e., to the walls of the thoracic cavity. But the pull produced by the con- 
traction of the muscles, which expand the thorax, leads to a fall in 
pressure* in the interpleural slit. 

Here we have about the same thing that happens when we try to lift 
a half-ton weight, which lies on a platform, by an effort of our muscles 
that develop a pull of, say, 50 kg. (it goes without saying that the man 
lifting the weight must not stand on the scale platform). By developing 
a 50-kg. effort the man will, naturally, be unable to lift the half-ton weight, 
but at the moment this traction is applied to the weight its pressure on 
the platform of the scales will not be 500 kg., but 500 kg. minus 50 kg.. 
i.e., 450 kg. 

The value of this drop in pressure is determined by the degree of dis- 
tention of the lungs at any particular moment in the act of respiration. 

Let us see what happens when the lungs no longer distend (after com- 
pletion of an inspiration) or do not contract (during the pause following 
the expiration). An elastic body is in a state of constant tension only when 
the force which stretches it is equal in magnitude, but of opposite direc- 
tion, to the forces of recoil which tend to contract it. Therefore. while 
the lungs do not distend and do not collapse the difference in pressures on 
their external and internal walls, i.c., the excess pressure exerted on the 
inner wall, exactly balances their elastic recoil. But the pressure exerted 
on the inner wall of the lungs through the air passages is an atmosphcric 
pressure which exists at a given time and al a given point of the earth's 
surface. On the other hand, the pressure on the outer wall of the lungs is 
a pressure existing at a given period in the hermetically scaled pleural 
cavity. It follows that the pressure in the slit-like interpleural space sur- 
rounding the lungs corresponds to the atmospheric pressure minus the pres- 
sure developed by the elastic recoil of the lungs; and, contrariwise, the 
elastic recoil of the lungs corresponds to the difference between the at- 
mospheric pressure and the pressure existing in the interpleural slit. 


* In dealing with the correlations of the pressure in the lungs and in the inter- 
pleural space surrounding them it should be borne in mind that in the latter it is 
a pressure exerted in a liquid which fills this space and is transmitted to the visceral 


pleura. 
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The elastic recoil of the lungs can be directly measured as pressure de- 
veloped in the collapsing lungs when their distention ceases. The value 
of the elastic recoil in animals can be measured by opening the thoracic 
cavity and the parietal pleura and connecting the trachea with a manom- 
eler beforehand. In this case atmospheric pressure will act similarly on 
both the inner and outer walls of the lungs; due to their elasticity the 
Jungs will collapse. If the trachea is stopped up the air will not be able 
to leave the lungs after the thoracic 
cavity is opened and the pressure 
developed by the elastic walls of the 
collapsing lungs is communicated to 
the manometer connected with the 
trachea. 

The deeper the inspiration, the more 
the lungs distend and the greater. 
therefore, the total elastic recoil devel- 
oped by their distended walls. With 
maximum inspiratory effort the differ- 
ence in pressures reaches 10 to 
15 mm. Hg. 

The interpleural pressure in man 
may be measured by pleural puncture 
often used clinically in pulmonary 
and pleural diseases. A hollow needle 
connected with a manometer (Fig. 78) 
is introduced into one of the inter- 
costal spaces. When the point of the 
needle is in the interpleural space 





Fig. 78. Measuring negative pressure 
(schematic). 
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pleural cavity during inspiration an This proves that the pressure 1n the 
can he recorded. interpleural space is always lower 


than atmospheric. 

It has been established that the pressure in the interpleurdl space is: 

1.5 to 2mm. Hg lower than atmospheric at the end of maximal ex- 
piration; 

2 to 3 mm. Hg lower than atmospheric at the end of an ordinary ex- 
piration; 

4 to 5 mm. Hg lower than atmospheric at the end of an ordinary inspi- 
ration; 

10 to 15mm. Hg lower ihan atmospheric at the end of maximum in- 
spiration. 

lf we take the atmospheric pressure at a given moment and at a given 
point of the earth's surface as zero we may conditionally designate all 
values below atmospheric pressure as negative. 

In this sense the pressure in the interpleural space is not infrequently 
designated as negative. The value of the negative pressure is the differ- 
ence between the atmospheric pressure at the given time and at the given 
point on the earth’s surface and the pressure in the interpleural space 
surrounding the lungs. When it is said, for example, ihat the negative 
pressure in this space corresponds to 8 mm. Hg and the atmospheric pres- 
sure is, say, 752 mm., it means that the absolute value of the pressure 
between the pleurae equals 752 minus 8, i.e., 744 mm. Hg. 
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Negative pressure in the interpleural space during maximum expiration. 
The persistence of some distention in the lungs and, consequently, the 
presence of negative pressure in the interpleural space even after max- 
imum expiration is due to the fact that during the first months of life 
the walls of the thorax grow faster than the lungs and, thercfore, soon 
after birth the capacity of the thoracic cavity is greater even after the 
deepest expiration than the volume the collapsed lungs would have. The 
lungs cannot but follow the slowly occurring changes in the volume of 
the thorax during its growth for the same reason that. they cannot help 
following all the changes in the capacity of the thoracic cavity during 
respiratory movements. Through the air passages atmospheric pressure 
always presses the lungs with their visceral pleura against the parietal 
pleura, and the lungs cannot therefore move away [rom the chest walls 
when the volume of the thoracic cavity increases with the growth of the 
body. This is why the lungs do not fully collapse even after maximum 
expiration when there is still 1 to 1.5 litres of air left in them. The pres- 
sure in the pleural cavity remains at 1.5 to 2mm. Hg below atmospheric. 

Significance of negative pressure in the thoracic cavity. The thoracic 
cavity (outside the interpleural space) contains part of the oesophagus, the 
heart encased in the pericardium, all the pulmonary vessels, the initial 
portion of the aorta with the branches of the vessels arising from it, the 
superior vena cava, a portion of the inferior vena cava and the vessels 
emptying into them. Acting on the parietal pleura the elastic recoil of the 
lungs is transmitted to all the organs contained in the thoracic cavity. The 
negative pressure created by this recoil of the lungs hardly alfects the 
blood pressure in the arteries and in the ventricles of the heart. But recoil 
essentially affects the return of the venous blood to the heart because it 
dilates the thin walls of the veins. The lower the pressure in the large 
veins of the thoracic cavity the greater the difference between the pres- 
sures of the blood in the capillaries and in the veins near the heart. 

Let us assume, for example, that the blood flows from the capillaries 
into the veins under a pressure of 150 mm. H:O. In the large veins of the 
thoracic cavity the pressure during inspiration is from 60 to 80mm. 
H.O below atmospheric; this will increase the difference between 
the blood pressure in the capillaries and that in the venae cavae from 
210 to 230 mm. H,O. With maximum inspiration the pressure in the tho- 
racic cavity drops even from 130 to 180 mm. H,O below atmospheric, 
which increases the difference between the pressures in the capillaries 
and the veins emptying into the heart still more. The negative pressure 
in the thoracic cavity aspirates the venous blood to the heart. 


. Subatmospheric pressure is also communicated to the Jarge veins near the thoracic 
cavity: the jugular vein in the lower portion of {he neck, the brachial vein under the 
clavicle and the system of the vertebral veins. We can thus understand the danger 
of air bubbles being aspirated into these veins (embolism) if they are injured during 
un operation. 


Experiments of Miiller and Valsalva. If an inspiration is attcmpted with 
mouth and nose closed, the chest and, consequently, the lungs expand, 
though to a lesser extent than with an ordinary inspiration of equal force. 
The pressure of the air contained in the lungs drops by 50 to 60 mm. H,O 
below atmospheric. The pressure in the pleural cavity, being as usual 
lower than the air pressure in the alveoli by the value of the elastic re- 
coil of the lungs turns out to be below atmospheric by 53 to 63 mm. H,O 
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(the elastic recoil of the lungs not accompanied by a passage of air into 
them during an inspiration is approximately 3mm. because the lungs 
cannot greatly expand in this case. Thus an inspiration with the nose and 
mouth shut (Miiller’s experiment) sharply reduces the pressure in thc 
space surrounding the lungs. 

Contrary to Miuller’s experiment that of Valsalva consists of a deep 
expiration with the nose and mouth shut. In this case the air pressure 
in the lungs rises from 40 to 100 mm. H,O above atmospheric. Though the 
pressure in the thoracic cavity remains as usual lower than that in the lungs 
it rises 38 to 98mm. H.O above atmospheric pressure. The flow of the 
blood to the heart is impeded because the pressure at the point where 
the venae cavae enter the atria is excessively high. The veins of the neck 
and face swell. In cardiac insufficiency the resistance developed in the 
pulmonary vessels cannot be overcome and the circulatory disturbance 
results in syncope. 


Pneumothorax 


Pneumothorax refers to the condition in which air enters the inter- 
pleural space through the parietal pleura following a penetrating wound 
of the thoracic (and sometimes the abdominal) cavity or because of a tear 
in the lungs and the visceral pleura. If the interplcural space frecly com- 
municates with the atmosphcre (open pneumothorax) the pressure between 
the pleurae becomes equal to atmospheric. In this case there is no more 
difference between the pressures acting on the inner and outer walls of 
the lungs and the lungs inevitably collapse because of their own elastic 
recoil. 

Open pncumothorax can easily be observed in an animal if we widely 
open its thoracic cavity and parietal pleura. Despite the vigorous respiratory 
movements (they are apparent from the movement of the ends of the 
resected ribs and of the diaphragm) the lungs do not fill with air and 
remain collapsed; death from asphyxia soon ensues. 

In bilateral open pneumothorax the animal’s life can be saved only by 
artificial respiration, i.e., by forcing air into the lungs with bellows or a 
special pump. In this case the lungs are distended by raising the interpul- 
monary pressure above atmospheric by the value necessary to over- 
come the elastic recoil of the distending lungs. Such artificial respiration 
makes it possible to perform operations in which both sides of the thoracic 
cavity are opened (in man the interpleural spaces do not communicate with 
one another and a one-sided, even full, pneumothorax does not lead to 
asphyxia). 

If the opening which produced the pneumothorax is closed, the air that 
entered the interpleural space is sealed off from the atmosphere and during 
inspiratory expansion of the thoracic cavity the air pressure in the inter- 
pleural space will diminish (only the air in this space should be sealed off 
from the atmosphere during expiratory effort). The lungs will expand again 
during inspiration, but the volume of their maximum possible distention 
will be reduced by the volume of the air remaining in the pleural cavity 
after the aperture which caused the pneumothorax is closed. The same 
decrease in the distention of the lungs occurs during inspirations in 
artificial, closed pneumothorax induced in tubercular patients for thera- 
peutic purposes, i.e., for reducing the respiratory excursions of the affected 
lung. In this case the air is pumped into the interpleural space through 
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a puncture in the thoracic wall and the pulmonary distention is reduced 
to a degree corresponding to the volume of the air (or nitrogen) introduced 
into the pleural cavity. It is clear that the lungs likewise distend less during 
Dee if there is an accumulation of exudate or pus between the 
pleurae. 


Mcchanism of Respiratory Movements 


Pulmonary respiration is effected by the action of a number of skeletal 
muscles whose contractions change the capacity of the thoracic cavity. 

Role of the diaphragm. The diaphragm divides the thoracic and ab- 
dominal cavities; it has the form of a double dome pointed towards the 
lungs. 

When the muscular fibres of the diaphragm contract its domes descend, 
while its lateral surface moves away from ihe thorax (Fig. 79), the central 
tendinous part lowering but little. A plane drawn through the upper points 
of the diaphragm during expiration lies on the level of the fourth and 
fifth ribs, while during inspiration the 
flattened diaphragmatic domes come 
down 3 to 4cm. to the level of the 
seventh and eighth ribs. The contrac- 
tion of the diaphragm increases the 
volume of the thoracic cavity verti- 
cally, a one cm. descent of the dia- 
phragm increases the capacity of the 
thoracic cavity by approximately 250 
to 300 ml. 

When the diaphragm descends dur- 
ing contraction it presses on the ab- Fig, 79, Position of diaphragm during in- 
dominal organs pushing them down spiration and expiration (after Norris and 
and forward and making the abdom- Landis). 
inal wall protrude. 

The diaphragm is innervated by a pair of diaphragmatic nerves (phrenic 
nerves). The fibres forming these nerves are axons of the nerve cells, located 
in the anterior horns of the third to fifth cervical segments of the spinal 
cord, and leaving them with the third to fifth anterior cervical spinal 
roots. 

Position of ribs and sternum in inspiration and expiration. Each rib is 
articulated with a vertebra at two points: ils head articulates with the 
body of the vertebra and the tubercle with the transverse process of the 
vertebra. During inspiration the costal arches rise and the sternum moves 
forward. In expiration the ring formed by each pair of ribs and the 
sternum slants obliquely downward. During inspiration the ribs turn some- 
what around the axis, which runs through the points of articulation of the 
ribs with the spine and each rib rises (Fig. 80). During this movement each 
costal arch (from the third to the seventh) rises more than the one above it. 
Because of this the sternum moves forward and somewhat upward so that 
during an inspiration the size of the thorax increases in its saggital diamcter. 
At the same time cach rib rotates its inferior surface slightly outward 
which also adds to the expansion of the thoracic cavity. 

During inspiration the movements of the ribs are due mainly to the 
contraction of the external intercostal muscles which run downward and 
forward from a rib above to the rib below. 


Expiration 
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Deep breathing brings into play the scalenus anticus and most of the 
muscles of the trunk (which inclines somewhat to the back as the shoulders 


are raised). 

Mechanism of expiration. When the contraction of the muscles respon- 
sible for the inspiration ceases the muscles relax and resume the position 
they occupied before the inspiration. The diaphragm rises and the ribs 
descend. This reduces the volume of the thorax; in normal breathing 
expiration is passive and is due to the relaxation of the muscles whosc 
contraction caused the inspiratory effort. 


Studies of the bio-clectric currents in the respiratory muscles have shown that the 
muscles whose contraction reduces the volume of the thorax (chiefly the interna 
intercostal muscles) are in a state of weak tonic contraction during the interval 

between the respiratory movements. During 
ernas, inspiralion the tension of these muscles de- 
creases, but after the inspiration the muscles 
which lower the ribs and reduce the volume 
of the thorax resume their tone. This aids 
in the deflation of the thorax. In deep 
breathing these muscles contract strongly 
during expiration. In this case the expiration 
becomes active and as it ends the volume 
of the lungs is much smaller than in normal 
expiration. A forced expiration brings into 
play a number of other muscle groups, in 
particular. the muscles of the abdominal 
wall which by their contraction press the 
abdominal viscera upward and thus help 
x para . EOE kr the ascent of the diaphragm. 
Fig. 80. Position of rib during inspira- Abdominal and thoracic types of bresth- 
tion (dotted line) and expiration (eon- i : eee 
tinuous line). ng. Under normal conditions breathing 
results [rom the movements of both the dia- 
phragm and the ribs; the first mechanism 
(so-called abdominal type of breathing) is somewhat more frequent in men, while costal 
respiration (so-called thoracie type of breathing) plays a relatively greater part in 
women. The type of breathing may vary with posture, fixation of the shoulder girdle 
or abdominal wall and with disease (for example, in pleurisy, pneumonia or painful 
conditions in the abdominal viscera), and may be effected mainly by the movements 
of re diaphragm in one case or by the movements of the ribs and sternum in 
another. 





Ventilation of various portions of the lungs. In normal respiration the 
lower two-thirds of the lungs distend most. The region where the bronchi 
and the vessels enter the lungs and the part close to the dorsal surface of 
the thorax hardly distend at all. The apices of the lungs also distend very 
little, i.e., are very poorly ventilated, in normal breathing. Here the air is 
renewed mainly because of the change in pressure in the more mobile parts 
of the lungs. 

Not all the alveoli are involved in normal respiration simultaneously ; 
some of them remain deflated. They distend during reinforced breathing 
(for example, during muscular work and under the action of rarefied air). 
This is apparent, in particular, from the fact that the capacity of the human 
lungs increases during muscular work. Thus, on a low level of activity, in 
the lungs, like in the capillaries of the vascular system, the “functional 
units” are switched on alternately. 

A record of the respiratory movements may be obtained by connecting 
either a pneumograph (Fig. 81-a) to the walls of the thoracic or abdominal 
cavities, or Marey’s capsule to a tube encircling the thorax (Fig. 81-b). 
The movements of the thorax or the abdominal wall are registered in the 
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former case and the pressure changes in the air passages during inspiration 
and eee in the latter. A preumogram thus recorded is shown in 
Fig. 90. 

Pulmonary ventilation, i.e., the amount of air breathed in and out per 
minute,” is recorded by special gasometers. 

At rest man usually makes 14 to 18 respiratory movements (inspirations 
and expirations) per minute, cach time inspiring and expiring about 0.4 to 





Fig. $l. 

Left--pueamogmph, somewhat moditied Marcy's capsule (4) fastened on thorncie wall by dap 
(2) so that with wach inspiration stud of capsule: prosses on its rubber membrano; prosaure 
variations in the poeumoyraph are propagated throuch tubo (1) to recording doviec, 
Hight. poeumograph consisting of rubber tube plicet around thorax. During inspiration rub. 
ber tube (/) atrotehes, during expiration it contracts; variations in pressure of air contained in 
tube are recorded through T-tubo (2) by Marcy's capsule (3) connested with tube. 


0.6 litres of air. The same degree of pulmonary ventilation may be achieved 
with a different rate and correspondingly changed depth of breathing. At 
rest and under normal conditions the respiratory rate is never lower than 
8 nor higher than 20 per minute. During any appreciable increase in basal 
metabolism (consumption of oxygen and elimination of carbon dioxide) 
pulmonary ventilation also increases, with the volume of each inspiration 
and expiration increasing more than the respiratory rate. During very hard 





Fig. 82. Schafer’s method of urtiticial respiration. 


Pressure on thorax drives air out of tunes (expiration); when prensure on thorax 
in released chest expands and air enters lange (inspiration). 


physical work pulmonary ventilation may rise from 90 to 120 (and more) 
litres per minute, the volume of each inspiration and expiration reaching 
2.5 to 3.5 litres (5 to 7 times the volume at rest) and the rate increasing 
from 25 to 40 times per minute (only 50 to 100 per cent). Certain patho- 
logical conditions of the lungs are accompanied by rapid and shallow 


* The amount of inspired air is somewhat greater than that of the expired air 


since the volume of oxygen consumed by the organism at muscular rest is usually 
1/6 to 1/5 larger than the exhaled CO:; the volume of nitrogen remains the same. 
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breathing and not infrequently by a subjective sensation of asphyxia 
(dyspnoea, as observed in heart disease, pneumonia and other diseases). 

Artificial respiration. In paralysis of thc respiratory muscles (paralysis 
of the respiratory centre) the lungs can be supplied with air only through 
so-called artificial respiration. In a number of cases (in different forms of 
asphyxiation, drowning, electric shock, deep anaesthesia or poisoning by 
certain gases) when respiration is paralyzed, but the heart still works, 
artificial respiration may save the life because it ensures gaseous exchange 
for the time necessary to restore the activity of the respiratory centre 
(there have been cases when normal breathing was restored after 4 to 
6 hours of artificial respiration). 


Artificial respiration consists in compressing the thorax and forcing the air out of 
the lungs. When the compression of the thorax ceases it resumes its original shape 
because of the elasticity of the tissues of its walls and atmospheric air enters the 
lungs (Fig. 82). Unlike normal breathing the inspiration in this case is passive, while 
the expiration is a result of artificial compression of the thorax. Special contrivances 
are sometimes used in artificial respiration. The latter holds particularly true in 
protracted respirutory paralysis caused by poliomyclitis, in operations connected with 
opening the thorax or in operations in which the preparations used paralyze the 
skeletal muscles and enable the surgeon to operate while it is fully relaxed. 


Residual, Supplemental, Tidal and Complemental Air. 
Vital Capacity of the Lungs 


Some air remains in the lungs even after forced expiration. This is due 
to the fact that the Jungs are somewhat distended even then. The air 
contained in the lungs after maximal expiration is called the residual air. 
Its volume equals 1,000 
to 1,500 ml. The volume 


Merimal inspiration 











S 
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is termed the tidal air. 
In addition to the re- 
sidual air the lungs usu- 
ally also contain the so- 
called supplemental air 
which is exhaled in 
x ; , S forced expiration. The 
Fig. 83. Vital capacity of lungs (explanation in text). volume of this air meas- 
ures 1,500 io 1,800 ml. 
In a usual inspiration we inhale less air than the lungs can hold after 
the maximum inspiration. The amount of air one can inhale in addition 
to the tidal air during maximum inspiration is known as the complemental 
air. Its volume, like that of the supplemental air, equals 1,500 to 1,800 ml. 
The maximal volume of air thal can be expired after maximal inspira- 
tion is referred to as the vital capacity of the lungs (Fig. 83). It includes the 
tidal (about 0.51), complemental (about 1.5 to 1.8 lit.) and supplemental air 


es ee Š of residual air increases 
$2 with age and reaches 
Sy 2 to 2.5 litres in the 
s& |= aged people. 
gs The volume of air in- 
Posilion in normal inspiration Salle spired and expired dur- 
gir |S ing ordinary respiration 
sü |Ù constitutes 500 ml. and 
RS 
& 


folume of complerrental 
air (about 1354) 
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(about 1.5 to 1.8 lit.). The normal vital capacity for men constitutes approxi- 
mately 3.5 to 4 litres, sometimes reaching 5 litres and more. For women 
the respective values arc somewhat lower. The figure (in millimetres) 
obtained by multiplying the height (in centimetres) by 25 for men and 
by 20 for women is considered the normal vital capacity. 

Athletes have a higher vital capacity; after the age of 40 it usually 
decreases, l 


The vital capacity of the lungs deereases when the pulmonary capillaries are filled 
with blood because at this time the volume of the alveoli is reduced. The vital 
capacity diminishes in decompensated diseases of the heart. this drop running in 
some measure parallel to that in the working capacity of the patient. 


Role of the muscles of the bronchioles. The walls of the bronchioles con- 
(ain smooth muscle fibres whose contractions constrict the bronchioles. 
The role of these muscles in normal respiration is not sufficiently under- 
stood as yet. The dilatation of some bronchioles with simultaneous con- 
striction of others regulates the ventilation of different parts of the lungs. 

The smooth muscles of the bronchioles are innervated by fibres of the 
vagus whose stimulation propapates impulses that cause the muscles to 
contract. An acute spasm ol the bronchioles which leads to extreme diffi- 
culties in breathing (bronchial asthma) is due to a strong contraction of 
the smooth muscles of the bronchioles caused by impulses propagated 
along the fibres of the vagus. The impulses transmitted along the sym- 
pathetic fibres usually cause the bronchioles to relax. For this reason 
the substances that. stimulate the sympathetic nervous system (adrenalin) 
and those that block the influence of the parasympathetic nervous system 
on the effectors (atropine) often relieve the spasm of the bronchioles, and 
the attack of bronchial asthma ceases. 


Filling the lungs with air in initial respiration. During the foetal period the lungs 
contain no air and their collapsed alveoli are filled with a small amount of Nuid. 
When the newborn comes into the world and no longer receives any oxygen from 
the mother’s blood le makes the first inspiration; due to the contraction of skeletal 
muscles the thorax expands. the air enters the lungs and fills the distending alveoli. 
From that moment on the Jungs distend with the expansion of the thorax during 
inspiration and diminish in volume during expiration, Atmospheric pressure forces 
the lungs against the inner walls of the thoracic cavity. 

The so-called “hydrostatic test.” used in medicolegal practice to determine whether 
the baby was born dead or alive, is based on the entrance of air into the Jungs during 
the initial respiration. If the Jungs were ever filled with air a certain amount of il 
remains in ihem and these lungs du not sink when placed in water. On the other 
hand, they sink if air had never entered them. 

Weak respiratory movements oecur even in the foctus and aspirate amniotic fuid 
into its lungs. 


Inhaled, Exhaled and Alveolar Air. Dead Space 


The composition of atmospheric air is extraordinarily constant; it con- 
lains 20.93 to 30.94 per cent oxygen, 0.03 to 0.04 per cent carbon dioxide 
and 79.02 to 79.04 per cent nitrogen and inert gases (including about 1 per 
cent argon and a negligible part of other gases). The air also always con- 
tains a certain amount of water vapour. 

The expired air usually contains 15.5 to 18 per cent oxygen and 2.5 lo 
5 per cent carbon dioxide. The exhaled air is saturated with water vapour 
and has a temperature of 35 io 37°C. 
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If we collect the expired air in glass containers by successive portions 
of 50 ml., the air leaving the lungs in one expiration will take up 10 to 
12 containers. An analysis of the air will show that the first 2 or 3 portions 
collected in the beginning of the expiration is of the samc composition as 
that of the atmosphere. The subsequent portions contain increasingly more 
carbon dioxide and less oxygen, with the last 5 or 6 samples, i.e., the air 
leaving the lungs towards the end of expiration, having about 5.5 per cen! 
carbon dioxide and about 14 per cent oxygen. The difference in the com- 
position of the first and last portions of the exhaled air is explained by the 
fact that the exhaled air contains not only alveolar air, i.e., the air which 
filled the alveoli and took part in the gascous exchange with the blood, 
but also the air that filled the air passages (the oral and nasal cavities, the 
trachea and the bronchi). No exchange of gases between the blood and the 
air takes place through the comparatively thick walls of the air passages 
which contain relatively few capillaries. Hence, the air in the air passages 
does not take part in the gaseous exchange and this space is called the 
dead space. The air found in it warms up and absorbs water vapour. 

The dead space has a volume of approximately 150 ml. (120 to 180 ml.). 
There are indications that during increased pulmonary ventilation the 
volume of air that docs not take part in the gaseous exchange somewhat 
increases. The volume of the air reaching the alveoli with each inspiration 
is smaller than that of the tidal air by the volume of the dead space. It 
follows that in rapid but shallow breathing the amount of air passing 
through the pulmonary alveoli (alveolar ventilation) is smaller than in 
slower but deep respiration. Rapid but shallow breathing may, therefore, 
supply the body with insufficient oxygen. 


CHAPTER 21 


RESPIRATORY FUNCTION OF THE BLOOD AND TISSUE 
RESPIRATION 


The respiratory function of the blood consists in transporting oxygen 
from the alveolar air in the lungs to the tissues and carbon dioxide from 
the tissues to the alveolar air in the lungs. 


Partial Pressure of Gases in Alveolar Air and Solubility 
of Gases in the Blood 


The respiratory cycle begins with oxygen consumplion and ends with 
the elimination of carbon dioxide. The gaseous exchange takes place 
between the blood and the alveolar air. 

According to Dalton’s Law the total pressure of a gas mixture equals 
the sum of the partial pressures of the gases composing it. The partial 
pressure of a gas in a mixture refers to the pressure the gas would exert 
if it alone occupied the volume of the whole mixture. If the total pressure 
of a gas mixture equals P mm. and the volume of the given gas corresponds 


to a the partial pressure of the gas p will be equal to p = P 100 


The pressure of the alveolar air, if we disregard the very small variations 
at moments of inhalation and exhalation, equals atmospheric pressure (B). 
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Since the alveolar air is saturated with water vapour and the pressure of 
water vapour saturating the space it occupies at the tempcrature of the 
human body (37°C) corresponds to 47mm. Hg the total pressure ot the 
alveolar gases—No, O, and CO, is equal to B—47. With B equal to 760 mm. 
the total pressure of these gases will. consequently, be 713 mm. Hg. If the 
content of nitrogen equals 80.7 per cent the partial pressure of nitrogen 
(pN) will be 713 mm. X 0.807 = 575 mm.; the partial pressure of oxygen 
(pO,), considering its content of 14 per cent, will be 713 mm. X 0.14 = 
-= 100 mm., while the partial pressure of carbon dioxide (pCO.) contained 
in the alveolar air in a concentration of, say, 5.5 per cent will be approxi- 
mately 40 mm. 


To determine the partial pressure (p) of cach gas separately the composition of the 
alveolar air is analysed. To collect the alveolar air one end of a wide and long tube 
(1.5 to 2m.) is taken in the mouth and a deep expiration is made. The air which fills 
the part of the tube closest to the mouth at the end of the expiration is the alveolar 
air that is collected in a container for analysis. 

The amount of gas (in millilitres at a 760mm.Hg pressure and 0°C 
temperature) dissolved in one ml. of liquid with its partial pressure cor - 
responding to one atmosphere is designated as the coefficient of solubility 
of a given gas. 

Table 5 gives figures of the solubility of gases. 


Table 5 


Coefficients of Gas Solubility at a Temperature of 38° 
(After Van Slyke et al.) 


Cocttioient of solubility 


Solvent ; be bteae, ‘ - 
i CO, ! 0, N; 
Water ied o 0545 0.023 ; 0.013 
Blood plasmu....... E 13 KU 0.021; oa 
Whole blood ....... © 0470 0.023 ' 0.013 
Erythrocytes ....... 0,440 0.026 ; 0.015 


If a gas is in contact with a liquid it dissolves in the liquid and after 
some time (the thinner the layer of liquid the sooner) a state of dynamic 
equilibrium is attained: the number of particles of gas that enter the liquid 
from the gas medium per unit of time equals the number of particles of 
gas that go back from the liquid to the gas medium. According to Henry’s 
Law the concentration of gas in a solution which is in contact with the 
gaseous phase is proportional to the partial pressure of the gas over the 
solution. The greater the concentration of gas in the solution the more 
of its molecules escape the solution into the gascous medium which does 
not contain the given gas (or into a vacuum). This tendency of the gas to 
pass from a liquid into a gaseous phase is called the tension of gas in a 
liquid. The molecules of the dissolved gas will escape into the space over 
the solution until the tension of the gas in the solution equals the partial 
pressure of this gas in a closed space over it (i.e., until the number of the 
molecules leaving the solution per unit of time equals the number of 
molecules entering the solution). It follows that the tension of a gas is 
measured by the partial pressure of this gas in equilibrium with the 
solution. 
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Thus, the measurement of the partial gas pressure, found in a state of 
dynamic equilibrium with a solution, makes it possible to determine the 
tension of the given gas in the liquid. 


To determine the tension of a gas in a liquid we make usc of tonometers. A ionom- 
eter is a glass vessel in which the liquid is in contact with a very small amount 
of air (in order ihat the exchange of gases between it and the liquid does not affect 
the tension of the gas in the latter), When an equilibrium between the gas dissolved 
in the liquid and the air over it is established the mixture of the gases of this air 
is analysed and the partial pressure of the pas in the bubble over the solution gives 
the tension of the gas in this solution. 


With the coefficient of solubility of the gas and its tension in the liquid 
known it is casy to calculate the amount of the dissolved gas. For example, 
in 1 ml. of blood, which is in a state of equilibrium with the alveolar air at 
a temperature of 37"C, approximately the following amounts of gases will 
be dissolved. 


CO, | 0 | N 


0.023 >. 8 0.013: 575 


047: 39 ag 
aa 0.0029 (ml.) 760 


oes 0.02 ul. =. 0.009 j 
760 0.024] (nd.) | 0.0098 (rl.) 


The figures 39. 98 and 575 are the mean values of the partial pressure 
of the respective gases in the alveolar air (in mm. Hg). 


Diffusion of Gases and Their Passage Through Alveolar Wallis 


The diffusion of gases from the alveolar air into the blood and back may be sche- 
matically regarded as occurring through a thin (approximately 4 thick) complex 
membrane which separates the alveolar air from the circulating blood. In accordance 
with the law of diffusion the amount of oxygen (O:) diffusing into the blood through 
this membrane per unit of time, i.e., the total consumption of © per minute, may be 
expressed by the following equation: 


(Oz) += K (Du— Pk). 


where Pp, is partial pressure of oxygen in the alveolar air, pe is its tension in the 
blood and K is an individual constant value depending on the size of the total surface 
of the alveoli through which diffusion oecurs and on the thickness and properties of 
the membrane which separates the blood from the alveolar air. If we express the 
pressure in mm. lg, K becomes equal to O; when Pa — pk = 1 mm. It follows that K 
is the total amount of oxygen which would diffuse from the alveolar air into the blond 
per minute if the difference between the partial pressure of oxygen in the alveolar 
air and the tension of oxygen in the blood flowing to the lungs were only 1 mm. Hg. 
This value of K is designated as the diffusion coefficient (it should not be confused 
with the coefficient of diffusion used in physical chemistry to designate the amount 
of substance diffused through a surface of lem.” per unit of time and with a concen- 
tration gradient equal to one). 

The diffusion cocfficient for oxygen varies considerably in different people and 
even in the same person under different conditions, usually constituting 25 to 65 ml. 
For CO, this coefficient is much higher because of the much greater solubility of CO: 
as compared with Os. 


All gases pass from regions of higher partial pressure to regions where 
their partial pressure (or tension) is lower. 

The tension of carbon dioxide in the venous blood. flowing to the lungs 
through the pulmonary artery in a healthy person at rest is usually 45 to 
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48 mm. Hg, whereas its partial pressure in the alveolar air is close to 
40 mm. Hg. The tension of oxygen in the blood flowing to the lungs (at 
rest) is usually between 70 and 80mm. Hy, while in the alveolar air its 
partial pressure ordinarily constitutes about 100mm. Hg. Owing to this 
difference between the tensions in ihe blood and the partial pressures in 
the alveolar air (for CO, higher in the blood than in the alveolar air and 
for O; higher in the alveolar air than in the blood) carbon dioxide passes 
from the blood into the alveoli and the oxygen from the alveoli into the 
blood. It is obvious that as a result the tension of CO. in the blood circu- 
lating through the lungs drops, while that of oxygen rises. The tension of 
CO, in the arterial blood leaving the lungs is, therefore, lower and that of 
oxygen higher than in the venous blood flowing to the lungs. 

The partial pressure of COs in the alveolar air is very close to the pres- 
sure of CO, in the arterial blood, always being somewhat lower than the 
latter (approximately by 0.4 mm. Hg). The partial pressure of oxygen in 
the alveolar air is always somewhat higher (5 to 10 mm. Hg) than its ten- 
sion in the artcrial blood leaving the lungs. 


Secretion of gases through alveolar walls, Numerous attempts have been made 
(Bohr, Haldane) to regard the passage of oxygen Irom the alveolar air into the blood 
not only as a result of the dilfusion of gases but also as a result of seerctary activity 
of the alveolar epithelium. 

To prove the phenuinenon of oxygen seeretion in the lungs investigalors tried to 
find a possibility for the passage of oxygen from regions of its Jower tension to regions 
of its higher tension contrary to the laws of diffusion. However, no one has been able 
to demonstrate the possibility of such passage. 

Secretion of oxygen has been authentically established in its passage from the 
blood to the swimming bladder in fish. It is well known that the partial pressure of 
oxygen in the swiinming bladder of some tishes is higher than the tension of oxygen 
in their blood. If, however, the branches of the vagus innervating the bladder are cut 
the partial pressure of gases in the bladder becomes equal to the pressure of the 
gases in the blood flowing to it. Thus, the passage of oxygen from the blood into the 
cavity of the swimming bladder in fishes is a seerctory process subject to nervous 
influences. 


Though oxygen penetrates from the lungs into the blood by diffusion 
this process cannot be reduced to physical factors alone. The conditions 
of gas diffusion change with alterations in the physiological state of the 
body. Changes in the conditions of its activity may alter the flow of blood 
through the lungs, the repletion of the latter with blood, the permeabilily 
of the epithelium of the pulmonary alveoli and the endothelium of 
the pulmonary capillaries. Thus, at rest the lungs contain about 60 ml. of 
blood, while during hard work the blood content in the pulmonary vessels 
rises to 100 ml. 


Changes in the filling of the Jungs with blood and in the permeability of the 
membranes which separate the blood from the pulmonary air may depend on nervous 
influences exerted on the pulmonary vessels and tissues (the alveolar walls have end- 
ings of afferent and efferent nerve fibres). The possibility of a reflex origin of nervous 
influences which change the permeability of the alveolar membranes has been shown 
in experimental studies of pulmonary oedema. Injection of large amounts of a 
physiological solution into the blood of the rabbit does not of itsel£ lead to oedema 
of the lungs. But if this action is combined with a stimulation of the interaceptors 
(by adding substances stimulating them, for example, nicotine, to the liquid perfused 
through the vessels of an intestinal Joop which has retained only neural connections 
with the body) acute oedema of the Jungs develops very rapidly (within 3 to 8 minutes) 
as a result (Kan, Chernigovsky). This phenomenon is, appurently, conditioned by 
reflex influences on the permeability of the capillaries und epithelium of the lungs. 

Changes in the tension of the blood gases in inhaling gas mixtures rich in carbon 
dioxide or deficient in oxygen. If man inhales a mixture of carbon dioxide with 
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oxygen or with air the escape of CO: from the blood into the lungs ceases when the 
partial pressure of carbon dioxide in the alveolar air equalizcs the tension of CO, in 
the venous blond flowing to the lungs. But if as a result of inhaling a gas mixture 
abounding in CO, the partial pressure in the alveoli exceeds the tension of CO: in 
the blood the carbon dioxide will begin to pass from the alveolar air into the blood. 
In this case the escape of CO: from the blood will be resumed when the tension of 
CO, in the venous blood, into which carbon dioxide continuously passes from the 
tissues, rises above the artificially increased partial pressure of the carbon dioxide in 
the alveolar air. The passage of O: [rom the alveolar air into the blood also ceases 
ip a similar manner, 

If a gas mixture deficient in oxygen is inhaled the partial pressure of oxygen in the 
alveolar air drops below its tension in the venuus blood flowing to the lungs. 

The principle (proposed by Fick) for determining the tension of carbon dioxide 
in the venous blood flowing to the jungs from the right ventricle is based on the 
foregoing facts. The person studied inhales from a bag a mixture of air or oxygen 
with 4 to 5 per cent carbon dioxide, the expired air going back into the bag. Thus the 
partial pressure of CO: is artificially raised in the alveolar air. When the partial 
pressure of CO; in the alveolar air cqualizes the tension of CO. in the mixed venous 
blood the carbon dioxide will cease passing from the blood into the alveoli (and will 
not pass from the alveoli into the blood). The cqual content of CO, in the inspired and 
the alveolar air will indicate the cessation of carbon dioxide exchange between the alve- 
plar air and the blood. The partial pressure of CO, in the air equals its tension 
in the mixed venous blood. With this we can calculate the percentage of the 
carbon dioxide content in the mixed venous blood of the given subject (see curve 
in Fig. 87). 

It is difficult directly to determine the tension of oxygen in mixed venous blood; 
in experiments on animals this question is studicd by making a puncture in the right 
cardiac ventricle. In man the tension of oxygen in the blood of the right ventricle is 
established by the data reccived in determining the minute volume of the heart (p. 203). 

In certain cases (for example, to ascertain the diagnosis of congenital heart disease 
for the purpose of its subsequent surgical treatment) a rubber catheter with a tip 
opaque to X-rays is pushed under roentgenoscopic contro] through a cut in the human 
ulnar vein along the veins to the heart. Five to ten ml. of bleod can thus be collected 
directly from the right heart in order to study the variations in pressure in the right 
heart and the pulmonary artery. 


Exchange of Gases Between the Blood and the Tissues 


The tissues continuously consume oxygen and produce carbon dioxide. 
Owing to this the tension of oxygen in the cells falls while the tension of 
carbon dioxide rises. As a result oxygen diffuses from the tissue fluid into 
the cells and CO, diffuses in the opposite direction. The oxygen impover- 
ishment of the tissue fluid which contacts the walls of the capillaries leads 
to diffusion of oxygen from the blood into the tissue fluid and of carbon 
dioxide from the tissue fluid into the blood. 

The higher the tissuc metabolism, the lower the tension of oxygen in the 
tissues and, therefore, the greater the difference between the tension of 
oxygen in the tissues and in the blood. In the portions of the tissues the 
farthest removed from the capillaries the tension of oxygen drops almost 
to zero. 

The importance of the dilatation of the capillaries, which are constricted 
at rest, for the supply of a hard working organ, for example, a muscle, 
is obvious. 


Methods of Analysing Blood Gases 


The first device which made it possible to obtain very precise information on the 
content of gases in the blood was the “absorption-metcr” designed by I. Sechenov 
in 1858. The device was based on pumping the gases out of the blood into a vacuum 
over mercury. Repeated pumping into a continuously renewed vacuum makes it 


198 


possible fully to extract all the gases of the blood—oxygen, carbon dioxide and nitro- 
pen. The extracted mixture of gases is then subjected to a quantitative analysis. 

The best modern instruments (for example, Van Slyke’s apparatus) are built on 
the same principle. The improvements in the instrument consist in its smaller size, 
the case of operation and in the fact that much less time is required for the analysis. 
Besides, in order more effectively to shift the carbon dioxide from the salts of car- 
bonic acid to the blood, which is in the apparatus, organic acids are added, whereas 
to displace the oxygen a solution of potassium ferricyanide [KaFe (CN)s], which changes 
hacmoglobin to methaemoplobin, is added. 

To determine the amount of O: and CO: contained in the blood at different partial 
pressures of these gases the blood is mixed with a gas mixture of a definite com- 
position, This is attained by shaking up a certain amount of blood in a closed 
glass vessel with a gas mixture of a precisely known composition and al a precisely 
et temperature, after which the content of the gases in the blond is deter- 
mined. 

A method has been developed which makes il possible to determine the oxygenation 
of the blood without resorting ta chemical analysis: (his method measures the content 
of oxyhaemoglobin in the blood by the latter's absorption of light rays (Millikan, 
Kraner and Kreps). The method is based on the fact that in the red part of the 
spectrum (wavelength 620 to 680 m/o the absorption of light by haemoglobin is several 
times as high as ils absorption by oxyhaemoplobin. A change in the oxygenation of 
haemoglobin, therefore, sharply affects the absorption of light in this part of the 
spectrum. On the contrary, in the green part of the spectrum there are sections where 
both pigments absorb light. equally and the degree of light absorption. therefore, de- 
pends on the total amount of pigment. Comparing the measurements of the absorption 
of light in two different parts of the spectrum makes it possible to determine the 
degree of oxygenation of the blood. For this purpose a beam of light passing through 
a layer of blood is trained on the light-sensitive layers of two photo-cells of an 
oximeter; one of these cells is covered with a red light filter and the other with a 
green light filter. The greater the oxygenation of the blood the more red light passes 
through the blood and the more electric current there is in the photo-cell covered 
with the red filter. The currents from the photo-cells are boosted by means of a system 
of cathode valves and their intensity is read on the scale of a galvanometer calibrated 
during preliminary determination of current intensity at different oxyhaemoglobin 
levels of the blood. 

By means of the oximeter it is possible quickly to determine not only the oxygena- 
tion of blood in vitro, but also the oxygenation of the blood flowing through the 
vessels of the lobe of the human car. If the ear is warmed (for which purpose the 
rays of the limp, which serves as the source of light in the oximeter, are used) the 
capillaries of the car dilate to such an extent that the blood Nowing through the car 
becomes very similar to arterial blood in oxygen content, By passing light through 
the warmed lobe of the car to a photo-cell fastened on the ear it is possible to register 
the oxyhaemoglobin content (in percentages to the total haemoglobin content, which 
determines the oxygen capacity) in the arterial blood of man and to establish in the 
well and in the sick the changes in the oxygenation of the blood under different 
conditions (for example, in hypoxia, ctc.). 


Transport of Oxygen in the Blood 


Oxygen capacity of the blood and of the haemoglobin. The amount of 
oxygen physically dissolved in the blood is insignificant. With the usual 
partial pressure values of oxygen in the alveolar air at a tempcrature of 
37°C only about 0.3 ml. of oxygen dissolves in 100 ml. of blood plasma, 
while the whole aricrial blood normally contains 18 to 21 per cent 
of oxygen. It follows that nearly all of the oxygen in the arterial blood is 
chemically combined with the haemoglobin rather than dissolved. The oxy- 
gen capacity of the blood, i.e., the total amount of oxygen contained in the 
blood when it is fully oxygenated, is, therefore, practically determined by 
the amount of oxygen with which haemoglobin can combine. Each gram 
of haemoglobin can combine with 1.34 ml. of oxygen, thus forming oxy- 
haemoglobin. 


199 


One gram-molecule of haemoglobin (M == 67,000) combines with 4 gram- 
molecules of oxygen, i.e., 4 X 22,400 == 89,600. Consequently, there is 
89,600 : 67,000 «= 1.34 ml. of oxygen per one gr. of haemoglobin. We obtain 
the same value if we proceed from the fact that one gram-atom (56 gr.) of 
iron combines with one gram-molecule of oxygen (22,412m).) and 
100 grams of haemoglobin contain 0.335 gr. of iron. Experience confirms the 
correctness of this computation. 

Since the blood of healthy people contains 14 to 16 gr. of haemoglobin 
per 100ml. of blood the oxygen capacity of their blood corresponds to 18 
to 21 per cent. 

Saturation of haemoglobin with oxygen under varying tensions. The 
reaction between haemoglobin and oxygen is reversible. It may be schemat- 
ically expressed by the following equation: 


IIb + O» .* HbO» 


haemo- oxy- oxyhacmo- 
Robin pen globin 


With a rise in tension, i.c., with an increased concentration of dissolved 
oxygen in the blood, the equilibrium shifts towards an increase in the oxy- 
haemoglobin content. With a decrease in the oxygen tension the equilib- 
rium shifts in the opposite direction, i.c., oxygen dissociates from oxy- 
haemoglobin. With oxygen tension dropping to zero oxygen entirely dis- 
sociates from oxyhacmoglobin and the blood contains only haemoglobin. 

The interdependence between the 
oxygen tension (pO.) and the amount 
of oxyhaemoplobin may be expressed 
graphically. For this purpose the oxy- 
gen tension in millimetres of mercury 
is marked along the abscissa and the 
oxyhaemoglobin in percentages of its 
amount formed during full oxygenation 
of the haemoglobin is marked along the 
ordinates. The interdependence between 
these values is expressed by a curve 
called the curve of haemoglobin oxy- 
fenation or the curve of oxygen disso- 
ciation (Fig. 84). 
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sume blood are saturated with gas mix- 
tures having diferent, but precisely known, 
partial pressures of oxygen. The total oxy- 
gen conlent in the blood is then deter- 
mined by the previous!y-deseribed method. 
A correction for the amount of plasma dissolved oxygen is then made, expressing its 
content in percentages to the amount of oxygen combined with haemoglobin, The 
part of haemoglobin, transformed to oxyhaemoglobin is then determined. By marking 
the valucs of pO» along the abscissac and the percentages of the oxyhacmoglobin 
content along the ordinates a series of points is oblained. By joining these points we 
obtain the oxygen dissociation curve. 


Fig. 84. Oxygen dissociation curve, 
Heavy tine shows limils in curve variations 
healthy people (ufter Bareroft). 


Curve of oxygen dissociation. The curve of oxygen dissociation (Fig. 84), 
studied in detail by N. Bohr, D. Barcroft, J. Haldane and other investiga- 
tors, begins at the point of intersection of the axes of the coordinates. 
This corresponds to the fact that at zero tension of oxygen there is no oxy- 
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haemoglobin in the blood. With a rise in the tension of oxygen the curve 
of oxyhaemoglobin goes up gently at first and then rises more sharply. 
Thus, with an oxygen tension of 10mm.Hg the human blood contains 10 
to 15 per cent oxyhacmoglobin; with a tension of 20 mm. Hg it contains 
30 to 35 per cent and with a pO: of 30 mm. Hg the oxyhaemoglobin con- 
tent reaches 50 to 60 per cent. With a further increase in the oxygen 
tension in the blood the curve of oxygen dissociation flattens out again; 
with a pO, of 40 mm. the content of oxyhaemaplobin is 70 to 75 per cent; with 
a pO, of 50 mm. it corresponds to 80 or 85 per cent; with a pO. of 60 mm. it 
reaches approximately 90 per cent. After that the curve runs nearly hori- 
zontally; an increase in the pO. from 60 to 80mm. adds 6 per cent oxy- 
haemoglobin and from 80 to 100mm. only 2 per cent. The curve thus 
asymptotically approaches a horizontal line which signifies the limit (i.e., 
100 per ccnt) of saturation. 

As a whole the curve is S-shaped; at lirst it rises sharply and then more 
gently. 


This complex nature af the hacmoglobin-oxygenation curve is due to the fact that 
there are four hacmin groups in the haemoglobin molecule and the reversible reaction 
between haemoglobin and oxygen is not a one stepped reaction as was schematically 
presented above. 


The sharp rise of the curve of oxygen dissociation in the region of 20 to 
40mm.Hg oxygen pressures is of considerable physiological importance 
chicfly under conditions of oxygen hunger (for example, in a rarefied atmos- 
phere), Owing to this the blood may give off considerable amounts of oxy- 
gen to the tissues without letting the partial pressure of oxygen, which 
governs the rate of its diffusion into the tissucs, drop below 20 to 30mm. 

The approach of the curve of oxygen dissociation to a horizontal line at 
an oxygen pressure of over 80 mm. Hg indicates that a drop in the partial 
pressure of oxygen in the lungs from 100 to 80 mm. hardly affects the oxy- 
genation of haemoglobin. An ascent [from a plain to an altitude of up to 
2,000 metres does not, therefore, appreciably decrease the oxygenation of 
the arterial blood. 

Factors affecting the curve of oxygen dissociation. The gencral nature of 
the curve of oxygen dissociation is the same for various classes of animals. 
It begins at the point of intersection of the coordinates in al] cases; at an 
oxygen tension above 100 mm. Hg practically all of the haemoglobin (96 
{o 98 per cent) always changes to oxyhaemozlobin; the curve is S-shaped 
in every case. However, the curve may not always rise so sharply. In con- 
nection with this the curve in the diagram shifis either to the left (when 
rising sharply) or to the right (when rising more gently). 

In some deep-sea fishes who live in water containing extremely little 
oxygen the haemoglobin is almost fully transformed into oxyhacmoglobin 
at a tension of oxygen which does not. exceed 10mm. Hg. 

During the foetal period the haemoglobin has a greater affinity for oxy- 
gen than the hacmoglobin contained in the blood of adult species. This 
facilitates passage of oxygen [rom the blood of the mother into that of the 
foetus (A. Ginetsinsky). The foetal form of haemoglobin is replaced by the 
adult type during the first days of life. 

A rise in temperature considerably accelerates oxygen dissociation, but 
hardly affects the rate at which haemoglobin combines with oxygen. This 
causes the curve of oxygen dissociation to flatten towards the right during 
a rise in temperature. 
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The curve of oxygen dissociation is also modified by changes in the 
hydrogen ion concentration of the blood. A shift in the blood reaction in 
the direction of alkalinity makes the oxygen combine more intensively 
with haemoglobin and, consequently, displaces the curve to the left. 
Contrariwise, a shift of the reaction towards acidity promotes greater oxy- 
gen dissociation and the curve shifts to the right. 

Changes in the content of free carbonic acid in the blood are the most 
important reason for the variations in its reaction: the higher the tension 
of CO, the more is the curve of disso- 
ciation displaced to the right (Fig. 85). 
Interacting with haemoglobin CO, 
affects the curve of oxygen dissocia- 
tion more than it would be affected by 
an accumulation of carbonic acid 
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Fig. 85. Influence of CO, tension on oxy- 
gen dissociation curve (after Jaldane) 


which would shift the reaction of the 
blood towards acidity (S.Severinectal.). 

The influence of COs, is particularly 
pronounced in the steeply climbing 
part of the curve of oxygen dissocia- 
tion, i.c., al oxygen tensions of up to 
50 mm. Hg. For this reason the pas- 
sage of CO, inta the blood aids in 
splitting the oxygen from the haemo- 
globin in the tissues where the tension 
of the oxygen in the blood of the capil- 


laries drops. But at oxygen tensions of 
80 to 100 mm. mercury and higher the haemoglobin is almost fully satu- 
rated with oxygen at both high and low tensions of CO). 

Transport of oxygen by the blood from the lungs to the tissues. At. the 
barometric pressure of over 600mm. Hg (ie., at altitudes of up to 2,000 
metres above sea level) the arterial blood of healthy people is 95 to 98 
per cent oxygenated, and contains 1.34 X X ml. O2, where X is the amount 
of haemoglobin per 100 ml. of blood. 

In the blood of the capillaries of the systemic circulation the tension of 
oxygen falls because the oxygen dissolved in the plasma passes through 
the walls of the capillaries into the tissues where the tension of O, is the 
lower the more oxygen is consumed by the tissue oxidative processes. The 
former equilibrium between the dissolved oxygen and the oxyhaemoglobin 
is disturbed and the oxyhaemoglobin begins to break up into haemoglobin 
and oxygen. This process occurs all along the capillarics. 

After the passage of the blood through the capillaries the tension of 
oxygen in the blood corresponds to about one-third of the sum of oxygen 
lensions in the arterial and venous blood constituting an average of 
40 mm. Hg. 

The curve of oxygen dissociation shows that the oxygen tension of 
40 mm. Hg corresponds to a content of 70 to 75 per cent oxyhaemoglobin 
in the blood which is the average oxyhaemoglobin content in venous blood. 


It should be borne in mind, however, that the content of oxygen in the venous 
blood at a certain oxygen tension must not be calculated by the curve of oxygen 
dissociation which has been determined for the arterial blood. Venous blood contains 
more CO», the reaction of the blood is slightly shifted towards acidity and, finally, 
the temperature of the blood (in the internal organs and muscles) is also somewhat 
higher than in the arteries. All these factors cause a shift of the curve of oxygen 
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dissociation to the right, i.e., they promote greater oxygen dissociation and greater 
Jiberation of oxygen to the tissues, 

The oxygen content in mixed venous blood, i.c., in the blood of the right heart, can 
be easily computed if we know the minule volume of the heart. 

If the blood pumped by the right ventricle takes up in the lungs n ml. of oxygen 
per minute (the valuc of the total consumption of oxygen by man per minute) with 
the minute volume of the heart corresponding to M ml. of blood, then every 100 ml. of 
blond take up in the alveolar 
air the following amount of 
oxygen (X): 


nX 100 


X= i -ml 


lf we designate the content of 
oxygen in the arterial blood as A, 
the content of O; in the venous 
blood flowing to the lungs from 
the right heart may be expressed 
in the following formula: 


AX 100. 


A ay 


ml, 


Thus, with the minute volume 
of 4,000 ml., a 240 ml. oxygen 
consumplion per minute and 20 
volume per cent oxygen in the 
urterial blood its content in ven- 
ous blood will constitute: 


Volume % of Os 


yy — 20X100 99g = 14 
20 gg 20-6 lm. 


Volume % of 0, 


At muscular rest. the oxy- 
gen content of venous blood 


flowing to the lungs consti- 

tutes approximately 65 to 75 Fig 86. Oxygen content of venous blood flowing to 
: eart: top—at rest, eontre—during sharp increase of 

per cent of the oxygen con- oxygen loss in muscles as result, of muscular work, 

lent of arterial blood, i.e. it and bottom- in underoxyyenated blood duc to re- 

corresponds to 12 or 15 ml. spiratory liypoxia (alter A, Charny). 

per 100 ml. of blood. Thus, 

the difference between the oxygen content in the blood Nowing from the 

lungs (arterial) and that flowing to the Jungs (mixed venous), the so-called 

arteriovenous difference, usually constitules 4.5 to 5.5 ml. of oxygen per 

100 ml. of blood. In hard muscular work the arteriovenous difference in 

oxygen content may considerably increase (Fig. 86). 

The oxygen content of venous blood leaving various organs is the lower, 
the higher the metabolism in these organs and the less blood flows through 
them per unit of time. 

With the transformation of oxyhaemoglobin into haemoglobin the colour 
of the blood changes: from scarlet it becomes dark-lilac. The less oxyhae- 
moglobin in the blood and the more reduced haemoglobin, the darker the 
blood. When the content of reduced haemoglobin in the venous and capil- 
lary blood exceeds 5 to 6 gr. per 100 ml. of blood the skin and the mucous 
membranes acquire a greyish-bluc colouring. This phenomenon is called 
cyanosis. 





Ln hypoxia 
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Transport of CO, by the Blood 


Content of carbon dioxide, free carbonic acid and bicarbonates in the 
blood. The content of carbon dioxide in the blood is directly proportional 
to iis tension and is designated as pCO. (Fig. 87). The coefficient of carbon 
dioxide solubility in the blood at a temperature of 38°C is 0.47. Thus, 
with a pCO, of 40mm. Hg the amount of dissolved carbon dioxide in ar- 
terial blood will be 2.4 ml. per 100 ml. of blood (p. 196). In venous blood the 
partial pressure of carbon dioxide incrcases by 7 to 10 mm. Hg which leads 
to an increase in the amount of carbon 
dioxide dissolved in the blood by 0.5 ml. 
per 100 ml. of blood. Carbon dioxide 
enters into a reversible reaction with 
water and carbonic acid is produced: 


CO. + TLO 22. TCO. 


Because of the instability of HCO, the 
equilibrium is sharply displaced to the 
left so that there is approximately only 
one molecule of HCO, to 1,000 mole- 


Volume %ol CO 





0 - cules of CO». 
ee -100 100 ~- 100 Carbonic acid (H+CO;) is a weak acid 
CO, pressure in wm ty capable of dissociating into H’ and HCO,” 


ions. The coefficient of its dissociation 


Fig. 87. Carbon dioxide content in plas- x 
ig. 87. Carbon dioxide content in plas corresponds to 10-*4. Since the amount 


ma and in bload under different par- 


tial CO, pressures. of the H-ions produced must be com- 
Tower line (dotted) shows amount of CO, pared to the sum of the concentrations of 
Homie inw toT CO, and FICO, use is made of the ap- 


parent constant for this sum (107°? for 
water and 10~" for blood plasma) which is approximately 1/1000 of the 
true cocfticient. 

The content of free carbonic acid in the blood is so low that it is disre- 
garded when the total amount of carbon dioxide in the blood is calculated. 
It is through carbonic acid, however, that its interaction with the various 
buffer systems of the blood is cflected with the production or disappear- 
ance of the bicarbonate form of carbonic acid. It is impossible to under- 
stand the mechanism of CO, transport in the blood without considering the 
significance of this form. For example, a reaction with a bivalent anion of 
phosphoric acid proceeds as follows: 


H.CO., + HPO,” -+ HCO,’ 4- H.PO, 


earbonie bivatent anion of univalent 
acid anion of carbonic anton of 
phosphoric acid phosphoric 
aclid acid 


The interaction of carbonic acid with other buffer systems, particularly 
ils most important reaction with haemoglobin and the plasma proteins, 
proceeds according 10 the same pattern. 

Each time the carbon dioxide content in the blood increases the amount 
of HCO, in it also increases, and a rise in the concentration of HCO; in a 
buffered fluid, such as the blood, inevitably leads to production of more 
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bicarbonate. Contrariwise, any decrease in the content of carbon dioxide 
leads to a shill. of the equilibrium in the above-mentioned reaction in the 
opposite direction. 

The total amount of bicarbonates in the blood is much larger than the 
quantity of CO». According to the equation of buffer solutions (p. 52), 
with a 7.4 pH of the plasma the molecular concentration of bicarbonates is 
nearly 20 times as high as that of CO.. The erythrocytes contain somewhat 
less pH than the plasma (7.1 to 7.15); here the concentration of bicarbonates 
exceeds that of CO, a little more than tenfold. The plasma contains mainly 
the bicarbonate of sodium (NaHCO,): in the erythrocytes the bicarbonate 
of potassium (KHCO,) prevails. 

In arterial blood the carbon dioxide content of bicarbonates constitutes 
approximately 45 ml. per 100ml. of blood (45 per cent by volume). In 
flowing through the capillarics the blood acquires carbon dioxide and car- 
bonic acid owing to which the amount of bicarbonates also increases, the 
increase corresponding to that of the total amount of CO, in the blood by 
upproximately 3.5 to 5 per cent by volume. 

Carboanhydrase of the blood and its role. As before stated the formation 
of bicarbonates from CO, and their decomposition with formation of CO. is 
achieved through an intermediately formed substance—I1.,.CO,. 

The hydration of CO, and dehydration of II CO, proceed slowly com- 
pared with the other reactions of the respiratory cycle. On the other hand, 
the blood flows through the entire length of the capillary system, both in 
the tissues and in the lungs, in approximately one second. 

Tf CO, hydration and H.CO., dehydration in the blood occurred as slowly 
as they do in the inorganic systems the amount of metabolized carbon 
dioxide could not be eliminated from the body. As a matter of fact these 
reactions take place in the blood fast enough for redistribution of carbon 
dioxide between the blood, on the one hand, and the alveolar air or the 
tissues, on the other, to take place in one second. This is due to the fact 
that the rate of CO, hydration and HCO, dehydration in the blood in- 
creases because of a special enzyme in the erythrocytes known as carbon 
anhydrase or carboanhydrase (Roughton). 

The carboanhydrase is a zinc-containing protein. Its action is depressed 
by sulfanilamides. Carboanhydrase accelerates the reaction of dissociation 
of HCO; (HCO, = CO, + H.O) and the reverse reaction of CO, hydration 
(CO, + H,O = H.CO;). The direction of the process depends on the con- 
centration of the participating components. The content of carboanhydrase 
in the blood of various animals differs. Some poikilotherms have no carbo- 
anhydrase. 

Since carboanhydrase is found in erythrocytes and the blood plasma 
contains none, the production and dissociation of HCO, take place mainly 
in the erythrocytes; the equilibrium in the distribution of CO, and HCO,’ 
between the plasma and the crythrocytes is disturbed and these substances 
pass from the erythrocytcs into the plasma or back depending on the 
direction in which the equilibrium has shifted. As the blood flows through 
the capillaries of the systemic circulation, CO, diffuses into the blood 
plasma and then into the erythrocytes. With the participation of carbo- 
anhydrase CO, is transformed in the erythrocytes into HyCO;. HCO; partly 
interacts with the buffer systems of the erythrocytes and partly passes 
back into the plasma where it interacts with the buffers of the latter. 
Thus, the equilibrium between the various forms of carbon dioxide in 
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the plasma is achieved by their exchange between the plasma and the 
erythrocytes. 

Carbamino compounds of CO, in the blood. As carly as the seventies of 
last century I. Sechenov discovered that haemoglobin could form unstable 
compounds with carbon dioxide. Sechcnov's discovery was later contested 
by some investigators who reduced the role of haemoglobin in binding CO, 
entirely to the buffer mechanism. But towards the end of the twenties 
of our century the formation of an easily dissociating compound of 
haemoglobin and carbon dioxide (carbaminohaemoglobin) was firmly 
established. 

Chemically this reaction consists in the interaction of amino-groups of 
haemoglobin with carbon dioxide: 


R— NH, -F CO. 3% R— NHCOOH. 


This reaction is reversible with the state of equilibrium reached practically 
instantly. 

The product of this reaction is a derivative of carbamic acid (NH COOH) 
which forms the moment particles containing an amino-group come in con- 
tact with carbon dioxide. This is why the carbon dioxide forming part of 
such compounds is designated as the carbamino compound of COs. 

The reaction with carbon dioxide proceeds only in the presence of free 
amino-groups (—NH,); the amino-groups which have added a proton 
(—NH, ) do not interact with carbon dioxide. For this reason with a decrease 
in pH the amount of the carbamino compounds of CO, also decreases. 

The total amount of the carbamino compounds of CO, in arterial blood 
is not large; it binds approximately 3 ml. of CO, per 100 ml. of blood. But 
when the blood passes through the capillaries the tension of CO, rises, part 
of oxyhaemoglobin is reduced to haemoglobin, the pH in the erythrocytes 
somewhat decreases and the content of the carbamino compounds of CO. 
increases, i.e., {he amino-groups bind an additional amount of CO, (approxi- 
mately 0.8 ml.). About 20 per cent of all the carbon dioxide entering 
the blood from the tissues (about 4 ml. per 100 ml. of blood) is, thus, trans- 
ported from the tissues to the lungs as carbamino compounds of CQ). In 
the lungs the partial pressure of CO, drops and, by virtue of the reversi- 
bility of the reaction, the CO, in carbamino compounds is almost in- 
stantly liberated. 

Effect of oxygenation of the blood on its carbonic acid content. The 
partial pressure of CO, is an important factor affecting the total content. 
of CQ, in the blood. The higher it is the greater will be the amount of dis- 
solved carbon dioxide, bicarbonates and the carbamino compounds of CO, 
in the blood. 

The interdependence between the tension and total amount of CO, is 
shown in Fig. 87 in the form of a curve of blood saturation with CO. 

In 1892 B. Verigo, one of I. Sechenov’s pupils, ventilated separately one 
lung with hydrogen and the other with oxygen by means of a pulmonary 
catheter (thin tube inserted in a bronchus). The analysis of the air, collected 
separalely from both lungs, showed that the lung through which oxygen 
had been passed liberated more CO. than the one where the blood could 
not be oxygenated. Twenty-two years later Haldane and his associates dis- 
covered that the blood saturated in tonometers with carbon dioxide could 
bind the more carbon dioxide the less oxyhaemoglobin and, consequently, 
the more reduced haemoglobin it contained (Fig. 88). 
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This phenomenon is conditioned by differences in the physicochemical 
properties of haemoglobin and oxyhaemoglobin. Both proteins are weak 
acids, but oxyhaemoglobin is the stronger acid of the two. The formation 
uf oxyhaemoglobin must, therefore, be accompanied by a surrender of the 
hydrogen ion to the anions of the weak acids, in particular, to the bi- 
carbonate ions. The total amount of anions and, consequently, the corre- 
sponding cations of potassium in the erythrocytes remain unchanged. By 
conventionally designating oxyhacmoglobin as HHbO,, we can express this 
reaction by the following equation: 


HHbO, + HCO,’ :* HbO.’ -} H,O + CO. 


Besides, it has been shown that in the carbamino compounds oxyhaecmoglobin 
also binds less CO, than does reduced haemoglobin. Both these factors tend 
to decrease the binding of CO, by the artcrialized blood* as compared with 
the venous blood (Fig. 88). 

The foregoing phenomenon is of great physivlogical importance to the 
transport of carbon dioxide by the blood. When the blood enters the capil- 
laries of the tissues part of the oxy- 
haemoglobin loses its oxygen and 
changes to haemoglobin which is a 
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weaker acid. In this case the blood = gw 
acquires the capacity of additional- 2 
ly binding a certain amount of CO, x 
without involving the usual buffer È 
systems and, consequently, without 3 
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a shift in the reaction. Owing to 
this the passage of CO, from the 
tissues into the blood causes a very 
insignificant change in the reaction 
of the blood (decrease in pH by 
only 0.03). The more vigorous the Vig. $8. Effect of oxygenation of blood on 
oxidative processes the more CO, = “urve of CO, uptuko by blood (explanation 
forms in the blood and, at the same uictext), 

time, the higher the consumption 

of oxygen by the tissues and the corresponding oxygen impoverishment 
of the blood. Hence, the possibility for binding a larger amount of CO, by a 
volume unit of blood flowing through the tissues is to a certain extent 
ensured by a decrease in the content of its oxyhaemoglobin. 

Fig. 88 shows the curves of binding carbonic acid by reduced blood (in 
which there is no oxyhaemoglobin) and by fully oxidized blood (in which 
there is only oxyhaemoglobin). These curves demonstrate that, for example, 
at a CO, tension of 55 mm. Hg the reduced blood contains 64 per cent CO,. 
while the oxidized blood contains only 58 per cent, i.e., 6 per cent less. This 
is due, as has been said, to the fact that in the oxidized blood much more 
K’ is retained in the KHbO,, while in the reduced blood K' may be used for 
binding HCO,’. 


0 60 
CQ, Tension in mm Hg 


In the body the blood flowing through the capillaries is never fully reduced. and the 
dotted line in Fig. 88 shows the curve of carbon dioxide uptake by venous blood still 
oxygenated to 70 per cent of its oxygen capacity, Let us assume that in the arterial 
blood the tension of dissolved carbon dioxide is 42mm. and in the venous blood 


* Oxygenated venous blood is called arterialized blood. 
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48mm. Hg. If in passing through the capilla: c the blood did nut liberate oxygen the 
content of the combined carbon dioxide in iie blood would increase, as is shown 
in Fig. 88, from point A to point B, i.c., it would rise from 52 to only 55 per cent. But 
since 30 per cent of oxyhaemoglobin in the capillaries changes to haemoglobin the 
process will be indicated by line AV rather than AB. This line joins the point which 
shows the content of carbon dioxide in the arterial blood at a CQ, tension of 
42mm. He with the point on the dotted line which corresponds to a carbon dioxide 
tension of 48mm.Hg. The position of point V shows that the venous blood still 
containing 70 per cent oxyhacmoglobin with a carbon dioxide tension of 48 mm. Hg 
contains not 55 per cent carbonic acid, as does the arterial blood, but 57 per cent. 


In the lungs the above-mentioned phenomena proceed in the opposite 
direction in relation to CO, combination in the tissues. The oxygenation of 
haemoglobin produces oxyhaemoglobin which is more acid than haemo- 
globin. Owing to this a certain amount. of potassium in the erythrocytes, 
used for combining with CO. to form bicarbonate in the reaction of HCO; 
with the reduced haemoglobin, recombines with the oxyhaemoglobin formed 
in the lungs from haemoglobin. This leads to the transformation of some 
bicarbonates into carbonic acid which with the aid of carboanhydrasc 
dissociates into HO and CO,. The amount of bicarbonates in the cryth- 
rocytes diminishes. 

The H.CO, formed with the aid of the carboanhydrase of the erythro- 
cytes breaks up into CO, and H,O. The total molecular concentration of the 
substances dissolved in the erythrocytes slightly diminishes and owing to a 
disturbance in the osmotic equilibrium between the erythrocytes and the 
plasma, water passes into the plasma and the volume of erythrocytes de- 
creases. 

Exchange of ions between the plasma and the erythrocytes. During 
respiration the blood plasma and the erythrocytes continuously exchange 
certain substances. 


The membrane of erythrocytes is easily permeable to water, to certain anions (OI, 
Cr’, NCO,;’, the anions of lactic acid and some others) and to hydrogen ions (cations). 

As the blood flows through the capillaries CO: passes from the tissues into the 
blood. Penetrating into the erythrocytes CO, is changed by carboanhydrase to HCO; 
which interacts with the buffer substances of the erythrocytes and is transformed 
into HCO,’ ions. The rise in the concentration of the latter forces a certain amount 
of them to leave the erythrocytes for the plasma in exchange for CI ions which pass 
from the plasma back into the erythrocytes. Owing to this exchange the concentration 
of bicarbonates increases in the erythrocytes and in the plasma, while the concen- 
tration of chlorides slightly rises in the erythrocytes and falls in the plasma. 

An increase in the concentration of hydrogen ions in the plasma because of CO: 
entering the latter exerts a similar influence. The equilibrium between the plasma and 
the erythrocytes is disturbed and hydrogen ions penetrate from the plasma into the 
erythrocytes. But this passage is possible only when the hydrogen ions are accom- 
panied by some anions, otherwise this would disturb the electric neutrality. The 
most concentrated anions in the plasma are those of chlorine and that is why they 
arc the most frequent partners of hydrogen ions when the latter pass from the plasma 
into the erythrocytes. 

As soon as the hydrogen ions penetrate into the erythrocytes they combine with 
buffer substances—phosphoorganic compounds—and, especially, with the haemoglobin 
anions. Because of this the total number of negative charges remains unchanged 
despite the penetration of the H’ and Cl’ ions: 


Hb -}- (H-H Ci’)-» HHb + CI’, 


Naturally, the total number of cations does not change either, But the total molecular 
concentration increases because of the rise in the concentration of the chlorine ions. 
Owing to this the osmotic pressure within the erythrocytes rises and causes a certain 
amount of water to pass from the plasma into the erythrocytes. The volume of eryth- 
rocytes slightly increases. In ihe Jungs these phenomena occur in the reverse order. 
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Owing to the exchange of ions between the plasma and the erythrocytes 
the bicarbonate content in the plasma increases more with the saturation 
of the whole blood with carbon dioxide than with the saturation of the 
crythrocyte-free plasma. In the first case, due to the high bulfering capacity 
of the erythrocytes, with the increase of carbonic acid in the plasma a 
considerable amount of hydrogen ions passes from the plasma into the 
erythrocytes and is accompanied by chlorine ions. The chlorine anions are 
replaced by anions of carbonic acid. The distribution of cations remains 
the same. 


Thus, to determine the amount of bicarbonates in the plasma in estimating the 
pCO, the whole blood must Arst be saturated with carbon dioxide and the plasma 
separated by centrifuging (the plasma thus obtained is known as the true plasma). 
If the plasma is separated at a low COs tension and is then saturated with carbon 
dioxide in the absence of erythrocyles the bicarbonate content in it will be lower 
(separated plasma). 


Summary Changes in the Blood During the Respiratory Cycle 


In the lungs the venous blood is oxygenated. The oxygen tension 
rises and the amount of oxyhaemoglobin increases, Contrariwise, the ten- 
sion and content of CO, in the blood diminish owing to the passage of CO. 
{from the blood into the pulmonary alveoli. Though the liberation of carbon 
dioxide from the blood into the lungs is partly compensated by the pro- 
duction of oxyhaemoglobin, which is a stronger acid than haemoglobin, the 
reaction of the blood still shifts slightly towards alkalinity and its pH turns 
out to be higher than in the venous blood. In connection with the more 
pronounced alkalization of the plasma and the higher capacity of the eryth- 
rocyte buller substances the hydrogen and chlorine ions pass from the 
crythrocytes into the plasma accompanied by water. The volume of the 
erythrocytes slightly diminishes. 

As the arterial blood flows through the tissue capillaries all the above- 
described processes run in the reverse order. With the return of the blood 
to the lungs the entire cycle of changes is repeated. 

Table 6 characterizes the quantitative aspect of the aforementioned 
changes. 


Table 6 


Changes in the Properties of the Blood During the Respiratory Cycle 
(mean figures) 


j Arterial , Venous 

O, tension (im mm. Hg) 2... eee ps 40 
Oxygen content (in volume %,) ..-.-.6-.---- WW 14.5 
CO, tension (in min. Hy)... eee ees 39 46 
Total CO, content. (in volume %4) ......6---- f IR 52 
PH of plasma. esise eee ee i 78N 7.35 
pH of orythrocytes . 6.6... eee i 7.12 711 
Volume of crythroeytes (in "a to the volumnu 

of the blood) ..............0 cece ee eee ees > 40 40.4 
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CHAPTER 22 
REGULATION OF RESPIRATION 
Respiratory Centre 


In the beginning of the 19th century it was discovered (Legallois, 
Flourens) that all vertebrates retained their respiratory movements after 
removal of the cerebrum above the medulla oblongata, but that these 
movements inevitably and immediately ceased after destruction of the 
medulla or after cutting the spinal cord below the medulla. Inhibition of the 
functions of the medulla by cooling (without destroying it) also results in 
cessation of breathing. 

In cooling the medulla oblongata or after cutting the spinal cord below 
the medulla the neurons, whose axons directly innervate the respiratory 
muscles, are not affected because 
their cell bodies are located in the 
cervical and thoracic segments ot 
the spinal cord. However, after 
severance from the medulla these 
spinal neurons become inactive. 
This is clearly seen in animals 
whose spinal cord is cui between 
the lower cervical and the upper 
thoracic segments. In this case 
the neurons, which innervate the 
diaphragm, retain contact with 
the medulla because their cell 
bodies lie in the third to fifth cer- 
vical segments of the spinal cord. 
The cell bodies of the neurons 
innervating the intercostal mus- 
cles are located in the thoracic 
segments of the spinal cord and 
when the latter is cut in its lower 
cervical division they are discon- 
nected from the medulla. That is 
why the rhythmic respiratory 
movements of the diaphragm are 
retained, while the respiratory 

N. Mislavsky movements of the ribs cease 
when the spinal cord is thus cut. 

It follows that the rhythmic respiratory movements are performed only 
when the motoncurons of the spinal cord are connected with the medulla. 
The latter contains the nervous structures necessary for the performance 
of the respiratory movements. These structures are known as the respir- 
atory centre. 





In the first half of the 19th century the respiratory centre was conceived as the 
“vital knot” (Flourens) which occupies a very small space in the floor of the fourth 
ventricle. The studies of the respiratory centre were the point of departure for the 
development of the entire teaching of the localization of functions, the teaching which 
not infrequently assumed a metaphysical character: the central nervous system was 
divided into innumerable “centres” with different functions, each of which presumably 
always played the samc part determined by the properties and structure of the centre 
with which the animal was born and with which it died. It was precisely the study 
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of the respiratory centre that gave birth to all ideas of exact and constant localization 
of functions and revealed that the nervous centre should not be conceived as a small 
group of neurons always retaining constant properties. On the one hand, it became 
obvious that respiration also involved the spinal respiratory neurons, whose axons 
innervated the respiratory muscles. On the other hand, it was demonstrated that the 
groups of cells in the medulla oblongata, without which no rhythmic stimuli can 
originate in the efferent neurons of the respiratory muscles, were under the constant 
influence of the higher divisions of the brain. 


Bulbar division of the respiratory centre. The aggregate of neurons in 
the medulla whose activity can ensure the rhythmic respiratory movements 
and whose destruction leads to a cessation of respiration is designated as 
the bulbar division of the respiratory centre. 

The nervous structures connected with respiration do not take up all 
of the medulla, but only a relatively small portion of it (in the cat about 
0.1 cm.*) located, as was established 
by Mislavsky, in the reticular sub- 
stance (formatio reticularis). This 
section is located in the dorsal 
division of the medulla between the 
level of the entrance of the 8th pair 
of cranial nerves and a line passing 
2 to 4 mm. above the calamus scrip- 
torius (Fig. 89). Stimulation of this 
section causes either an inspiration 
or an expiration; clectric potentials 
originate in it in the act of res- 
piration. 

According to Mislavsky’s increas- 
ingly confirmed ideas we should 
distinguish in the bulbar division 2 
of the respiratory centre neurons. 
whose stimulation leads to inspira- 
tions, and those, whose stimula- 
tion leads to expirations. By stimu- 
lating the medulla with contaci é i! 
electrodes it has been possible to AŠ 
show that the inspiratory neurons L 
of the bulbar division of the respir- Fip. $9. Region «f medulla oblongata, stimu- 
atory centre lie in the ventral por- lation of which e ruses inspiration (dota), and 
tion and the expiratory neurons region, st imulaticn of which causes expiration 
3 ; À (civeles) (after Ranson ct al.). 
in the dorsal portion of the reticular C ee 2 eal EUn 

r posts. or; ~ ACHE GOAClOriuen 
substance (Ranson et al.). These copin rediforrnie; J- tuberculun  neustieuni 
two regions are sometimes briefly ueleus coneatin, 
referred to as the “inspiratory 
centre” and the “expiratory centre.” Thus, the “inspiratory centre’ implies 
the neurons whose excitation provokes inspiratory effort (through the 
spinal motoneurons which innervate the diaphragm, the external inter- 
costals, etc.), while the “expiratory centre” signifies the neurons whose 
excitation stimulates expiration (also by affecting the corresponding moto- 
neurons of the spinal cord). 

Between these morphologically separate groups of neurons of the bulbar 
divison of the respiratory centre there is an indissoluble functional con- 
nection owing to which expirations are inhibited during inspirations and 
vice versa. 
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The bulbar division of the respiratory centre and the spinal efferent neurons of the 
respiratory musculature are the stablest structures in the central nervous system as 
regards narcotics. This fact is very important to surgeons, because respiration is 
retained even when no other reflex reactions can be evoked in deep anaesthesia (true. 
so deep an anaesthesia can be easily replaced by a paralysis of the respiratory centre). 


The fact that respiration can continue after removal of the entire cerebrum 
above the medulla should not mislead us to the conclusion that the re- 
spiratory centre is confined only to the medulla oblongata. The animals, in 
whom only the spinal cord and the medulla have been retained, cannot 
live for more than a few hours or days and die with symptoms of respir- 
atory and circulatory disorders. Besides, the respiratory movements 
are frequently reduced to short and shallow inspirations each of which is 
immediately followed by an expiration with a protracted pause before the 
next inspiration. But if the vagi are cut in an animal deprived of the 
entire cerebrum above the medulla respiration easily stops during inspira- 
tion, i.e., the inspiration is no longer interrupted by an expiration. 

Such an animal cannot very well adjust its respiration to changing en- 
vironmental conditions (for cxample, changes in temperature) or to the 
changing conditions within the body itself (for example, muscular work). 

It follows that the bulbar division of the respiratory centre is necessary 
for respiration, but is insufficient to censure its normal control. Under 
normal conditions the respiratory centre is a complex whole of a number 
of nervous structures the lowest of which are controlled by subcortical 
and cortical neurons. 

Subcortical and cortical structures of the respiratory centre. If we re- 
move the cerebral hemispheres in the cat or the dog, but retain the mid- 
brain and the cerebellum their respiratory functions continue for a longer 
time than when the medulla and spinal cord alone are retained. In this case 
individual investigators succeeded in kceping animals alive for a number 
of days by taking good care of them. The structures of the midbrain 
(and, perhaps, the cerebellum) probably exert an influence on the medulla 
which raises the excitability of the latter; owing to this the vitality of the 
animals in whom the midbrain has been retained is higher thar in those in 
whom the medulla and the spinal cord have been separated [from the 
midbrain. 

However, respiratory control in animals deprived of the midbrain and 
the forebrain is very far from normal. Removal of the cerebral hemispheres 
deprives such animals of a good deal of their mobility and they, therc- 
fore, have no normal respiratory regulation during muscular work. They 
also show no respiratory changes in response to rises in the environ- 
mental temperature—the so-called thermoregulatory polypnoeca is absent 
(Chapter 35). 

The cerebral cortex takes part in the normal performance not only of 
all conditioned, but also of all unconditioned reflexes. The impulses origi- 
nating in the receptors whose stimulation causes an unconditioned reflex 
reach definite sections of the cerebral cortex through a chain of neurons. 
Fibres leaving the cells of the cerebral cortex carry the excitation, origi- 
nating in the cerebral cortex in response to the stimulation of the recep- 
tors, to the efferent neurons (with the aid of subcortical structures). The 
reflex arc of every unconditioned reflex, thus, normally involves the neu- 
rons of a number of divisions of the central nervous system, the cerebral 
cortex included. 
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The lower scctions of the premotor zone of the cerebral cortex contain a 
mass of nerve cells which form part of the cortical division of the interna] analyser 
(Chapter 68) and reccive the impulscs propagated to the central nervous system along 
the afferent fibres of the vagi; the impulses originating during stimulation of the 
pulmonary receptors are probably transmitted to these sections of the cerebral cortex. 
The same, and possibly also other, sections contain cells which reccive the stimuli 
from the receptors of the aortic arch and the carotid sinuses whose stimulation plays 
an important part in the reflex stimulation of respiration. 


The portions of the cerebral cortex, which are the higher instance 
reached by impulses from the receptors of the lungs, the large vessels, air 
passages and respiratory muscles, are the nervous structures involved in 
the performance of the unconditioned (inborn) respiratory reflexes in nor- 
mal animals. They are, probably, the portions whose artificial stimulation 
by electrodes applied to the cortex regularly cause changes in respiration, 
as it was established by V. Danilevsky and later by V. Bekhterev, N. Mi- 
slavsky and a number of other investigators. 

In addition to being involved in the unconditioned respiratory reflexes, 
the cerebral cortex is the organ in which the conditioned reflexes, always 
playing a part in the respiratory control in normal animals, come full 
circle. All the agents, which constantly coincide in time with unconditioned 
respiratory reflexes, acquire a capacity for changing respiratory activity 
by developing conditioned reflexes. 

The respiratory centre should, thus, signify the aggregate of all the 
structures in the central nervous system necessary and sufficient for nor- 
mal control of respiration. The idea of this centre cannot be confined only 
to a group of cells in the medulla oblongata. 


Effect of CO, and of Oxygen Deficiency on Respiration 


Hyperpnoea after withholding respiration and apnoea after hyperventila- 
tion. Simple observations show that respiration in man alters in response 
to chemical changes in the organism which result from disturbances in the 
normal gaseous exchange with the external environment. Suffice it to with- 
hold respiratory movements for 20 to 30 seconds to have an uncontrollable 
desire to take a breath and make several vigorous respiratory movements. 
Withholding the breath, thercfore, leads to subsequent rapid breathing— 
hyperpnoea. 

Contrariwise, if respiration is voluntarily accelerated to the maximum 
for a period of 30 seconds to a minute the increased ventilation (hyper- 
ventilation) of the lungs will be followed by a much longer respiratory 
pause. There will be no need for any respiratory movements for 30 to 
60 seconds. Apnoea, i.e., a cessation of respiration for lack of stimuli, 
results. It is impossible to withhold the breath for more than 30 to 60 sec- 
onds without a preceding hyperventilation. After hyperventilation the 
breath may be withheld for 1 to 2 minutes (there are significant individual 
differences, but the more vigorous the gaseous exchange the shorter the 
period of apnoea). 

Carbon dioxide as respiratory stimulant. By causing a small rise in the 
partial pressure of oxygen in the alveolar air hyperventilation can increase 
iis content in the blood but very little since even in ordinary respiration 
the arterial blood is normally almost saturated with oxygen. But hyper- 
ventilation sharply affects the content of CO, in the blood because the en- 
suing fall in the partial pressure of carbon dioxide in the alveolar air leads 
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to the liberation of considerable amounts of CO, from the bicarbonates of 
the blood. 

It is, therefore, natural to assume thal hyperventilation is followed by 
apnoea because the content of carbon dioxide in the blood decreases. If 
this be true the increased amount of carbon dioxide in the blood must 
cause the opposite effect, i.e., it must lead to deeper breathing, to hyperp- 
noea. This is what actually occurs. If we add carbon dioxide to the in- 
spired air respiration will become much more rapid. When inhaling air or 
oxygen containing 5 to 8 per cent CO, the volume of each inspiration and 
expiration may reach 2 to 2.5 litres, which with a simultaneous small accel- 
eration in breathing leads to an increase in pulmonary ventilation of up 
to 40 to 60 litres per minute. 

The same dependence is clearly revealed in the experiment with the 
so-called cross circulation for the first time conducted by Frédéricq. If 
we pass the blood of dog B into the head of dog A and either increase or 
decrease the carbon dioxide content in the blood of dog B dog A will show 
hyperpnoea in the former case and apnoea in the latter. 

The nervous structures involved in the regulation of respiration are so 
sensitive to carbon dioxide that a rise of only 0.01 per cent in the content 
of carbon dioxide in the blood increases pulmonary ventilation by an 
average of 5 per cent (Haldane). 

Owing to the fact that the respiratory centre is stimulated by an increase 
in the content of carbon dioxide in the blood its partial pressure in the 
alveolar air is maintained on quite a constani level. When the content of 
carbon dioxide in the blood increases and its tension, consequently, rises 
and more CO, is released into the alveoli the stimulation of the respiratory 
centre, caused by the increase in the content of CO, in the blood, leads to 
increased pulmonary ventilation. This results in a lowering of the partial 
pressure of carbon dioxide in the alveolar air. Contrariwise, wilh a fall of 
CO, tension in the blood less carbon dioxide is released into the alveoli 
(because of the lesser difference between the tension of CO, in the blood 
and its partial pressure in the alveolar air). When the CO. content in the 
blood decreases the respiratory centre is stimulated less and, consequently, 
respiration slows down and weakens. As a result the content of CO, in 
the blood increases again. 

The reaction of the respiratory centre to the changes in the CO, content 
in the blood is, thus, a most important mechanism that maintains the con- 
stancy of carbon dioxide tension in the blood. 

Inspiring a gas mixture containing 3 to 5 per cent carbon dioxide and 
50 to 60 per cent oxygen is a good method for increasing pulmonary ven- 
tilation and oxygen supply to people poisoned by asphyxiating gases (for 
example, CO). In this case an increase in pulmonary ventilation is partic- 
ularly important because it helps in the most rapid elimination of the 
poison from the organism. 

Effect of carbon dioxide on respiration and significance of hydrogen ion 
concentration in the blood. An increase in the CO, content of the blood 
leads to a rise in the hydrogen ion concentration (p. 53) according to the 
equation: : + [COs] 

[H] =K incos7 

The production of acids stronger than carbonic acid displaces the latte: 
from bicarbonates. Because of this the concentration of bicarbonates in the 
blood falls and the content of CO, rises. In addition, the concentration of 
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H-ions in the blood rises (in the above formula the numerator increases 
and the denominator decreases). 

Because of this and owing to the fact that respiration becomes more 
rapid with the injection into the blood not only of CO,, but also of any acid 
(for example, acetic, lactic, hydrochloric), a hypothesis was advanced that 
it was not the carbonic acid itself, bul the hydrogen ions in the blood that 
stimulated respiration. It has been ascertained, however, that the influence 
of the various acids, injected into the blood, on respiration is much less 
constant than that of CO,; besides, carbonic acid stimulates respiration 
with lower concentration of the H-ions in the blood than that at which 
the action of the other acids stimulating respiration becomes manifest. It 
is right to assume that carbonic acid as such is the natural and strongest 
(of the chemical agents) stimulant of the respiratory function. It is possible 
that this action is connected with the fact that CO. or the undissociated 
molecules of HCO; most easily penetrate into the nerve cells of the central 
nervous system and into the chemoreceptors. 

We must also take into consideration that CO, is produced us a result of 
oxidative processes in the very nerve cells of the respiratory centre whose 
metabolism itself depends on the supply of oxygen and other substances 
with the blood. 

Effect of oxygen deficiency on respiration. Oxygen deficiency of the 
blood also causes increased respiration. This is hard to appreciate by with- 
holding the breath because it is accompanied by enrichment of the blood 
in CO. which is the strongest stimulant of respiration. But if a person 
breathes rarefied air at high altitudes or inspires a gas mixture poor in oxy- 
gen the conditions for eliminating carbon dioxide from the body change 
but little and the changes in respiration may be due only to oxygen de- 
ficiency. In this case it appears that already at the altitude of about, 1,500 m. 
above sea level (and with a decrease in the oxygen contained in the in- 
spired air to 17-18 per cent) respiration becomes more vigorous and 
pulmonary ventilation increases. However, with a fall of the oxygen ten- 
sion in the blood pulmonary ventilation increases 2 to 2}/,-fold at most, 
whereas with a rise of the carbon dioxide tension in the blood pulmonary 
ventilation may increase approximately eightfold. 


Reflex Control of Respiration by the Chemoreceptors and Effect 
of Carbon Dioxide on the Respiratory Centre 


Various reflexes, primarily in response io the stimulation of interocep- 
tors, play a most important part in the regulation of respiration. 
Particularly important to the stimulation of respiration (in addition to the 
receptors in the lungs) (sec below) are the impulses originating in the 
chemoreceptors located in the large blood vessels—in the already described 
aortic body of the aortic arch and in the carotid body of the carotid sinus 
(p. 164). An increase of CO, and a decrease of orygen in the blood stimulate 
the chemoreceptors in the aortic-carotid zone. This reflexly causes deeper 
and more rapid breathing (Heymans et al). 


Participation of the chemoreceptors of the aortic-carotid zone in the stimulation of 
respiration is demonstrated, in particular, by the fact that with a fall in the oxygen 
tension below 85 mm. Hg in the arterial blood the oscillograph registers accelerated 
impulses from the carotid nerve. 

Respiration usually grows deeper and more rapid when blood rich in CO, is per- 
fused through the vessels of various organs which maintain only a nervous connection 
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with the whole organism (for method sec p 166). 1t follows that stimulation of the 
chemorcceptors located in the walls of all vessels and in all tissues may refiexly 
stimulate respiration (stimulation of these receptors somelimes inhibits respiration). 


An animal with severed aortic and sinus nerves respiring air with low 
O; content shows no increase in pulmonary ventilation. Since in this case 
no impulses are transmitted from the chemoreceptors of the aortic arch and 
the carotid sinus to the centres the oxygen deficiency suppresses rather 
than increases respiration. The latter is due to the fact that the oxygen 
deficiency paralyzes the cells of the respiratory centre. 

The foregoing facts show that the chemical changes in the blood—accu- 
mulation of CO. and oxygen depletion—affect the respiratory centre re- 
flexly, by stimulating the chemoreceptors. At the same time an increase of 
carbon dioxide in the blood (or, probably, HCO, anions) may also directly 
stimulate the cells of the respiratory centre. This is demonstrated by ex- 
periments in which the respiration of animals increases when carbon 
dioxide accumulates in the organism even after the respiratory centre is 
disconnected from the receptors. This disconnection is made by cutting 
all the nerves entering the medulla and cutting the spinal cord below the 
medulla; the excitation of the respiratory centre after this operation is 
judged by the respiratory movements of the larynx and the alae nasi. 

It has also been shown that respiration is increased by an injection of a 
drop of NaHCO; and H,CO, buffer mixture into the region of the medulla, 
the contact electric stimulation of which provokes inspiration. An injection 
of a solution of acids into the same region does not produce this cffect. 

Lastly, it is well known that animals. in whom the nerves running from 
the receptors of the aorta and the carotid sinus have been cut, may retain 
relatively normal respiration. 

The nerve cells of the respiratory centre may, consequently, be stimu- 
lated by the CO, of the tissue fluid which bathes them and into which the 
carbon dioxide passes from the blood. 


B. Kravchinsky points out that in the lower vertebrates (fish and Amphibia) 
respiration ceases after severance of the vagi which contain afferent fibres from 
chemoreceptors corresponding to those of the carotid zone of the higher animals and 
from the receptors of the lungs (or of the branchiate apparatus). It is likely that the 
capacity of the nerve cells of the respiratory centre to be excited by the direct action 
of the carbon dioxide of the blood has developed in the process of evolution of the 
vertebrates. 


Reflex Regulation of Respiration from the Pulmonary Receptors 


The reflex regulation of respiration is not confined to the reflexes from 
the chemorcceptors of the blood vessels. Each respiratory act is reflexly 
regulated in the course of its performance by impulses originating in the 
receptors of the lungs and transmitted to the central nervous system along 
the vagal fibres which enter the medulla. 

Fig. 90 (right) shows the effect of severing the vagus on respiration 
(Traube, 1847). As soon as the vagi are cut respiration becomes much 
deepcr and slower. The pause between the respiratory movements is 
lengthened. This effect, as I. Pavlov ascertained, is retained for months and 
years, all through the remaining life of the vagotomized animal. 

If we stimulate the proximal end of the vagus during an inspiration the 
most typical result will be a reflex interruption of the inspiration with an 
ensuing expiration (Fig. 90, left), while stimulation of the vagus during an 
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expiration usually reflexly interrupts the expiration and produces an in- 
spiration. These reflexes (named the Hering-Breuer reflexes after the 
investigators who discovered them in 1868) depend on the stimulation of 
the afferent vagal fibres which run from the receptors of the lungs. 

A record of the contractions of an isolated slip of the diaphragm, the 
most important respiratory muscle (Fig. 91, top), shows that with the dis- 
tention of the lungs (by air blown into them) the diaphragm relaxes, the 
inspiration is inhibited and a deep expiration occurs (experiment by Head). 
On the contrary, if we reduce the distention of the lungs, causing their 
collapse, the diaphragm contracts and an inspiration is stimulated. The 
greater the distention of the lungs during an inspiration the higher the 
frequency of the nerve impulses propagated from the pulmonary receptors 
along the afferent fibres of the vagus. 





Fig. 90. Left: half (4) shows effect of stimulation of distal end of vagus 
(its branch—laryngeal nerve) on breathing. Each rise in curve corre- 
sponds to inspiration, each drop to expiration. If nerve is stimulated at 
end of inspiration respiratory movements stop at inspiratory phase. 17 
nervo is stimulated at cud of expiration respiratory movernents stop at 
expiratory phase. Right half (2) shows deepening and slowing of respiran- 
tory movementsafterseverance of hoth vagi. Lower line marks stimulations, 


It follows that an inspiration itself reflexly leads to its cessation and to 
an ensuing expiration. When the vagi are cut the impulses from the lungs 
no longer reach the respiratory centre, the inspiration is not interrupted 
veflexly and the respiratory movements become very deep (Fig. 90). 

The bulbar division of the respiratory centre contains, as was pointed 
out, two groups of neurons—one group stimulating inspiration and the 
other—expiration. The reflex influence of the impulses propagated along 
the vagus from the pulmonary receptors to the respiratory centre may, 
therefore, be characterized as an influence inhibiting the inspiratory neu- 
rons of the bulbar division of the respiratory centre and exciting its expi- 
ratory neurons. 

The results of the action of the afferent impulses {rom the receptors stim- 
ulated during inspiration depend on the state of the respiratory centre 
(N. Wedensky). M.Sergiyevsky has shown that the action of the impulses 
from the receptors of the lungs varies with the phase of respiration. In the 
beginning of the inspiration when the distention of the lungs only com- 
mences the impulses from the mechanoreceptors increase the inspiration, 
but as soon as a certain degree of pulmonary distention is reached, i.e., at 
a certain degree of excitation of the inspiratory neurons of the respiratory 
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cenire, the stimulation of the inspiration is replaced by its own reflex inhi- 
bition and reflex stimulation of the expiration ensues. 


MA lungs 





pe u! the lung 


Fig. 91. Effect of distontion and 
collapse of lungs on breathing. 


Dotted fine pressure in trachea 
(rine in line shows distention of lungs, 
drop- collapse of Jungs cawed by 
pumping out of nir). Continuous line 
shows movements of strip of dia- 
plrugin, Distention of lungs inhibits 
respiratory movementa of the dia- 
phragm; collapse of lungs produces 
opposite effect (after Hend). 


It is possible that a special group of mechano- 
receptors stimulated during the collapse of the 
lungs exists. The reflex response from these re- 
ceptors stimulated during expiration consists in 
inhibiting the active expiration and in stimulat- 
ing an inspiration. Consequently, according to 
its cause and effect this reflex is opposed to 
that from the receptors stimulated during inspi- 
ration. 

Normally severance of the vagi doves not stop 
respiration, but only makes it deeper and slower. 
However, cutting the vagi in the dog with the 
brain stem severed in the region of the lower 
third of the pons Varolii results in a long inspi- 
ration which is frequently not interrupted by 
an expiration until the animal dies from as- 
phyxia. Stimulation of the vagus during such an 
inspiratory halt interrupts the inspiration and 
leads to an expiration (Ranson, Pitts and 
Magoun). 


On this basis some physiologists have concluded 
that the “centre” of inspiration is, presumably, always 
active and that the rhythm of respiration is due only 
to inhibitions of inspirations by impulses propagated 
along the vagus from the receptors of the lungs dis- 
tended during inspirations or by impulscs originating 
in the region of the upper half of the pons Vurolii. 
This hypothesis has not been sufficiently substantiated 
and the idea of continuous activity of the “inspiratory 


centre” cannot, therefore, be accepted as yet. In the experiments involving the 
severance of pons Varolii the cutting itself may have caused a disproportionate 
activity of the neurons of the inspiratory division of the respiratory centre. 





Fig. 92. Action currents in single afferent fibre of the cat's vagus during 
distention of lungs by blowing air into them. 

The dogreo of lung distention is indicated in each record by white lino over ourve of bio- 

currents: a---5 ml. of air introduced into lunga, b—115 ml., c--230 ml. Tho greater the 

distention of the lings the higher the frequency of bio-currenta: a---80, b—-120, r --250 por 

second (after Adrian). 
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Reflex influences from the receptors of the lungs play a most important 
part in maintaining the respiratory rhythm, the sequence of inspirations 
and expirations. In addition, the impulses from the pulmonary receptors not 
only inhibit inspiration, but may, under certain conditions, also stimulate 
respiration. Mislavsky thought so, the experiments of Sergiyevsky’s asso- 
ciates favour this assumption, and it is also confirmed by observations 
which show that when respiration ceases because of a paralysis of the 
respiratory centre, rhythmic compressions of the thorax are the most 
elficient means for restoring independent respiration (V.Negovsky et al.). 


Significance of impulses from the receptors of the respiratory passages and the 
respiratory muscles. In addition to the impulses from the receptors of the lungs a 
certain pari in the regulation of respiration is also played by impulses from the 
receptors of the trachca whose stimulation during the passage of air through the latter 
variously affects respiration. 

Contraction of the muscles which take part. in respiration stimulates the receptors 
located in these muscles. Stimulation of the receptors of the inspiratory muscles 
reflexly predisposes to expiration, while stimulation of the receptors of the expiratory 
muscles reflexly predisposes to inspiration. The functional role of the reflexes from 
the receptors of the respiratory muscles is, consequently, similar to that of the 
reflexes produced by stimulating the receptors of the lungs, but is less pronounced. 


Problem of Automatism of the Respiratory Centre 


In 1863, I. Sechenov described a rhythmic generation of electric potentials 
in the medulla oblongata extirpated from the frog. This fact was confirmed 
much later by a number of investigators (Adrian et al.). Consequently, dis- 
charges of excitation rhythmically originate for some time in the isolated 
medulla and may be regarded as a manifestation of automatism of the 
respiratory centre. 

The very brief experiments (because the isolated brain dies very rapidly) 
conducted for the purpose of ascertaining the automatism of the respir- 
atory centre do not warrant any conclusions as to the significance of this 
phenomenon under normal conditions. It is possible that automatism mani- 
fests itself precisely because of the artificial conditions of the experiment, 
due to the stimuli originating at the points where the nerves and the brain 
were cut and owing to the impossibility of normally removing the waste 
products of tissue metabolism from the cells. 


The automatism of the respiratory centre may, possibly, be connected with the 
fact that the central nervous system is capable of rhythmic stimulation in the same 
rhythm in which the impulses from the receptors acted on these centres directly before. 

We saw that the impulses originating from the receptors of the lungs during 
inspirations and expirations played an important part in regulating the respiratory 
rhythm. A certain rhythm of activity, a certain rhythm of cyclical chemical reactions 
occurring in it, is forced, as it were, on the respiratory centre by the pulmonary 
receptors stimulated during inspiration and expiration. 

There are facts indicating that this rhythm of impulses may for some time be 
retained by the respiratory centre also after cessation of its rhythmic stimulation 
from the receptors. This is apparent, for example, from the following fact: when 
respiration is maintained for a long time by a rhythmic insufflation of air into the 
lungs during a temporary paralysis of the respiratory centre, or in curare poisoning, 
normal respiration adopts the same pattern for some time after its restoration. 


Conditioned Reflexes Regulating Respiration 


Stimulation of the respiratory centre by the carbon dioxide of the blood 
acting on the chemoreceptors and on the nerve cells of the central nervous 
system, as well as the stimulation of this centre by the impulses from the 
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receptors of the lungs and the entire respiratory apparatus, is an inborn 
mechanism for the regulation of respiratory activity. These stimuli result 
in respiratory movements which rhythmically follow one another even 
when the normal function of the higher divisions of the brain is discon- 
tinued as, for example, in deep anaesthesia. Under these conditions the 
reflex activity of the bulbar division of the respiratory centre may for 
some time keep up the respiratory movements. 

Under normal conditions, however, the higher divisions of the brain, the 
cerebral cortex included, always take part in regulating respiration. 

The impulses transmitted to the medulla oblongata from any receptors, 
including the chemoreceptors of the aortic-carotid zone and the pulmonary 
receptors, affect the cerebral cortex. Any agent which precedes inspiration 
of a mixture of air with 4 to 8 per cent carbon dioxide becomes a condi- 
tioned respiratory stimulus. After removal of the cerebral cortex inspira- 
tion of carbon dioxide (3 to 5 per cent of the inspired air) increases respira- 
tion less than it does normally, while during inspiration of carbon dioxide 
the change in the excitability of the motor zone of the cerebral cortex cccurs 
before any respiratory changes (Sergiyevsky). Stimulation of the afferent 
vagal fibres alters the excitability of the cerebral cortex. 

The impulses originating during muscular activity in the mechanorecep- 
tors and the chemoreceptors of the skeletal muscles and tendons are nat- 
ural conditioned stimuli of respiration. These impulses act on the cerebral 
cortex simultaneously with the accumulation of carbon dioxide in the blood 
and the depletion of the latter in oxygen produced by hard work; the ex- 
citation of the cortical divisions of the respiratory centre produced by the 
action of carbon dioxide coincides with that from the receptors of the 
motor apparatus. A temporary bond is formed; this bond is extremcly 
strong, as strong as all temporary bonds which produce the natural con- 
ditioncd reflexes. 

Due to the development of conditioned reflexes the stimuli which of 
themselves have nothing to do with respiratory innervation now exert a 
considerable influence on it. This is of particular importance in muscular 
activity. If the latter is not very vigorous the blood usually shows no 
changes in CO, tension which might cause an appreciable increase in res- 
piration that accompanies muscular work. During hard muscular work 
pulmonary ventilation reaches 100 to 110 litres per minute, i.e., exceeds 
the maximal pulmonary ventilation provoked by inspiration of carbon 
dioxide by about 50 per cent. It follows that during work respiration is 
stimulated not only, and not so much, by the inborn lower mechanism of 
regulation of respiratory activity; the latter normally always includes con- 
ditioned-reflex influences. Their development, as has just been said, can 
be explained by a rapid development of respiratory conditioned reflexes. 
When such conditioned reflexes have developed and muscular activity has 
itself become a signal for increased breathing, the importance of its direct 
inborn stimulation may recede into the background. This is the result of 
the aspect of conditioned-reflex activity due to which the cffect based on 
cortical stimulation may exceed the effect of the unconditioned reflex. 

The increase in pulmonary ventilation during passive flexion and exten- 
sion of the extremities which lead to stimulation of the muscle receptors 
without essential changes in the total metabolism confirms the fact that 
stimulation of the muscle receptors stimulates respiration as a result of 
the development of a conditioned reflex (M. Marshak et al.). 
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The rhythmic respiratory movements during muscular rest also, probably, depend 
on time reflexes, 

The time refiexes manifest themselves, for example, as follows: if a dog is fed at 
strictly definite intervals of time, towards the end of the interval between the feed- 
ings the dog begins to secrete saliva and show other signs of food reaction. The inter- 
val of time between the two stimuli becomes a conditioned stimulus because a cerlain 
unconditioned reficx always follows at the end of the given interval, 

In the rhythmic sequence of inspirations and expirations an enormous part is 
played, as we have seen, by impulses from the pulmonary receptors. These impulses 
undoubtedly also reach the cerebral cortex. There is every reason to believe that the 
impulses of the pulmonary receptors acting as unconditioned stimuli serve as the 
basis for the devclopment of a conditioned reflex to the intervals of time which 
usually separate these impulses from each other. The old observation made by Pavlov 
before he had begun working on conditioned reflexes proves this contention. In study- 
ing the chances for dogs to survive the severance of both vagi, I. Pavlov found that 
the respiratory movements growing slower immediately after the vagi have been cul 
and going down to 8 or 9 respirations per minute continued growing slower after the 
operation. Three to four weeks after the vagotomy the dog made only 4 to 5 respira- 
lions per minute. This can be explained by the fact that for some time after the 
operation the conditioned reflexes developed by the stimulations of the pulmonary 
receptors were retained, whereas a long time after the operation these conditioned 
reflexes faded because they were no longer supported. 


Normal regulation of respiration is, thus, conditioned by cortical mecha- 
nisms which form a single whole with the inborn unconditioned reflexes 
and lead to complex-reflex respiratory acts in which unconditioned and 
conditioned reflexes are most closely interwoven. 


Respiratory Changes Under the Action of Various Stimuli 


Effect of changes in blood pressure and of stimulation of the upper re- 
spiralory passages on respiration. In addition to the influences from the 
chemoreceptors of the carotid sinus the respiratory centre is also affected 
by the impulses from the baroreceptors of the aortic-curotid zone which 
play a very important part in regulating the blood pressure. A lowering 
of the blood pressure in the aortic-carotid zone stimulates respiratory 
activity, while a rise in the blood pressure temporarily stops respiration or 
slows it down. 

Effect of pain stimuli on respiration. A short pain stimulus will at first 
cause a brief cessation of respiration (sometimes after a deep inspiration). 
A longer pain stimulus usually provokes deeper, more vigorous and faster 
respiratory movements. However, protracted pain stimulation sometimes 
depresses respiratory activity. 

Effect of stimulation of the receptors of the upper respiratory passages 
on respiration. Strong stimulation of the sensitive endings of the tri- 
geminal nerve in the nasopharyngeal mucosa (for example, when ammonia 
is inhaled) usually stops the respiratory movements reflexly for 10 to 
20 seconds. A weaker stimulation of the nasal mucosa (for example, by 
clots of mucus, dust) causes a deep inspiration followed by a very strong 
and fast expiration with the mouth closed (snceze). 

Stimulation of the receptors of the tracheal and bronchial mucosa 
reflexly evokes a strong inspiration with a simultaneous narrowing 
of the glottis. This causes air currents to be driven out of the lungs under 
considerable pressure (cough) which aids in eliminating the particies 
irritating the air passages. These coughing movements can be provoked 
experimentally by stimulating the proximal end of the upper laryngeal 
branch of the vagus. 
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Cheyne-Stokes or periodic respiration. This abnormality is characterized 
by the fact that several, sometimes increasingly deep, respirations are 
followed by a respiratory pause lasting 5 to 10 seconds and longer. The 
cycle is repeated over and over again. 

Cheyne-Stokes respiration is usually due to decreased excitability of 
the respiratory centre. The respiratory centre is stimulated only when the 
content of oxygen in the blood sharply falls owing to a very long respiratory 
pause. This provokes a few respiratory movements resulting in an increase 
in the oxygen content of the blood which again produces a long respiratory 
pause lasting until the oxygen deficiency makes itself felt again. 

Cheyne-Stokes respiration is a symptom of a derangement in the activity 
of the respiratory centre (however, it also occurs sometimes in healthy 
people). Such a change in respiration may be caused by preceding hyper- 
ventilation; during the apnoea that follows the oxygen content of the 
blood sharply decreases while the content of CO, has not yet become 
normal, Several respiratory movements leading to an increase in the 
oxygen content of the blood occur but, since there is still little CO, in the 
blood, respiration ceases after several inspirations again until an oxygen 
deficiency is experienced, etc. Inspiration of oxygen, therefore, frequently 
relieves Cheyne-Stokes respiration. 

Cheyne-Stokes respiration may also result from superficial breathing 
because the latter is responsible for the insufficient supply of the blood 
with oxygen and for the oxygen hunger of the cells of the respiratory 
centre, which disturbs their normal function. Superficial breathing may 
be the result of excessive reflexes from the pulmonary receptors. Such 
excess of these reflexes considerably shortens the inspiration which is 
interrupted very soon after its beginning; the same occurs with the cx- 
piration which is interrupted by an inspiration. 

In disorders of the function of the respiratory centre breathing in a 
horizontal position is often more difficult than in the standing or sitting 
postures. This symptom is called orthopnoea and is partly due to the fact 
that in a horizontal position the abdominal organs interfere with the 
movements of the diaphragm. 


Respiratory Control During Muscular Activity 


Regulation of respiration during muscular activity, which is always 
accompanied by an increase in pulmonary ventilation due to deeper and 
faster respiratory movements, is based on complex-reflex mechanisms, 
involving various conditioned reflexes. 

Muscular activity involves stimulation of a number of interoceptors: 
receptors of the muscles (and their tendons) contracting during a given 
type of muscular work, labyrinthine receptors, cardiac receptors whose 
activity always varies in muscular work, etc. In the course of life the 
stimulation of these interoceptors in their various combinations constantly 
combines with the influence of agents which call forth inborn, uncon- 
ditioned reflexes (effect of CO., stimulation of the pulmonary receptors). 
This gives rise to different natural conditioned reflexes which influence 
the process of respiration (these reflexes always combine with cardio- 
vascular conditioned reflexes) the conditioned stimulator of which is a 
complex of stimuli of the just mentioned (and other) interoceptors. Light 
work influences blood chemistry but little and the increase in respiratory 
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movements is due mainly to the stimulation of the receptors of the con- 
tracting muscles. 

Not only positive, but also inhibitory conditioned reflexes decreasing 
the rapidity and depth of respiration may be developed for the latter: 
inhibitory conditioned respiratory reflexes may, in particular, play a part 
in fixing the thorax during a number of static muscular efforts. 

Muscular work also stimulates several exteroceptors which in turn leads 
to development of conditioned respiratory reflexes. The circumstances 
under which work is usually done, the time of day connected with con- 
siderable muscular activity, the landscape in which it is performed (for 
instance, a Jandscape for mountain-climbers) are all transformed into a 
complex pattern of stimuli con- 
nected with various modifications 
of the respiratory function and, 
therefore, producing conditioned- 
reflex changes in respiration. 

It is only this respiratory regu- 
lation on the part of the cerebral 
cortex that makes possible, for 
example, an increase in pulmonary 
ventilation of up to 100 or 120 litres 
of air per minute during maximal 
muscular work, whereas during 
inspiration of carbon dioxide, for- 
merly considered the most powerful 
and universal stimulator of res- 
piration, pulmonary ventilation 
never excceds 50 to 70 litres per 
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minute. This shows that during 
work increased respiration is deter- 
mined by various conditioned re- 
flexes which merge with the inborn 


Fig. 93. Drop in oxygenation of blood during 

Inspiration of gas mixture containing only 

12.6 per cent oxygen and in muscular work 
(after M. Marshak). 


mechanisms of respiratory regula- 
{ion and permit the fine adjustment of respiration to the nature of mus- 
cular work and the conditions under which it is done. 
Cortical stimuli are of similarly great importance in the regulation of 
respiration during changes in the external temperature (Chapter 35). 
Under normal conditions and even during hard muscular work the blood 
is nearly fully oxygenated in the lungs. But if the partial pressure of 
oxygen in the inspired air drops, as it occurs when the breath is withheld 
and when air deficient in oxygen is inspired (Fig. 93), the oxygenation of 
the blood during muscular work decreases sharply. 


CHAPTER 23 


HYPOXIA AND EFFECT OF ALTERED ATMOSPHERIC 
PRESSURE ON THE BODY 


Classification, Cause and General Characteristics of Hypoxia 


Any oxygen deficiency in individual tissues or in the body as a whole 
is referred to as hypoxia. In a number of cases hypoxia is due to an oxygen 
deficiency in the blood and is then called hyporemia. 


223 


Hypoxia may be caused by an insufficient oxygenation of the blood in 
the lungs. In this case we have the so-called respiratory hypoxia which is 
conditioned by: a) an oxygen deficiency in the inspired air, b) an affec- 
tion of the pulmonary tissue (for example, in pneumonia or in poisoning 
with certain gases) and c) impairment of respiratory regulation. 

Hypoxia may result from an insufficient flow of blood to an individual 
organ or to a slowing down and cessation of circulation as a whole. This 
type of hypoxia is designated as circulatory hypoxia (any death caused by 
a stoppage of the heart is essentially death from hypoxia). 
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Hypoxia may be duc to a deficiency of blood in the organism (anaemic 
hypoxia) or to changes in the blood owing to which the latter cannot trans- 
port sufficient oxygen (this occurs when haemoglobin changes to methae- 
moglobin or when its atom of iron is blocked by carbon monoxide). 

Hypoxia may also be produced by an impaired capacity of the tissues 
to bind oxygen which may be a result of poisoning, for example, by 
hydrocyanic acid (so-called histotoxic hypoxia). 


The various forms of hypoxia arc illustrated in Fig. 94. This figure shows that in 
respiratory hypoxia the arterial blood contains less oxygen, while in circulatory 
hypoxia it is the venous blood that contains much less oxygen (since in this case the 
blood flows through the tissues slower than normal and gives off more oxygen to the 
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tissues); the oxygen tension is, therefore, also sharply reduced in circulatory hypoxia; 
in slight respiratory or anaemic hypoxia the accelcration of circulation in some 
measure compensates for the decrease of O: per unit of volume of the arterial blood. 
In histotoxic hypoxia the O; tension in the venous blood is higher since the tissucs 
cannot normaly lake the oxygen from the blood. 


With the exception of circulatory hypoxia, which is due to a decrease 
in the blood flow to individual organs, the other forms of hypoxia lead to 
an insufficient oxygen supply of all tissues. But since the sensitivity of 
various tissues to oxygen deficiency differs the same degree of hypoxia 
may alfect some organs more than others. 

Sensitivity of various tissues to hypoxia. The higher divisions of the 
central nervous system and the higher receptors (for example, the retina) 
react more than any other organ to an oxygen deficiency, as, in general, 
to any changes in the internal environment. This becomes especially 
evident in acute hypoxia. In this case fainting may supervene immediately, 
as it occurs, for example, when blood supply to the cerebrum fails or 
when a gas mixture containing less than 4 to 5 per cent oxygen is inhaled. 
If fatal hypoxia develops slowcr its initial phase manifests itself in a 
sort of intoxication, in the loss of proper orientation in the surroundings. 
Disturbances in the normal supply of oxygen to the brain cause charac- 
teristic disorders of the conditioned reflexes (p. 229). Frequently no sub- 
jective disorders are observed in this case; the subject feels clated 
(euphoria), but this is due to the impaired ability to orient himself in the 
surroundings (for cxample, highly skilled physiologists subjected them- 
selves to hypoxia for the sake of experiment and could not properly turn 
the tap in the instrument they themselves had devised). Owing to the 
impairment of the functions of the higher divisions of the brain even those 
who were specially warned about the consequences of oxygen deficiency 
are not aware of the mortal danger which arises in hypoxia. If hypoxia 
is ageravated the phase of cuphoria is immediately followed by coma 
(paralysis of the higher functions of the cerebral cortex). The paralysis of 
the higher functions of the cerebral corlex is followed by a paralysis of 
the subcortical centres, the centres of the interbrain, the midbrain, the 
medulla oblongata and, finally, the spinal cord. Respiration is paralyzed 
and death ensues. 

Irreversible changes occur in the cerebral cortex if the brain is fully 
deprived of oxygen (for example, in strangulation, in occlusion of ccrebral 
vessels) for 5 to 6 minutes. After 5 minutes of complete hypoxia caused 
by strangulation or cardiac arrest (clinical death) dogs can be revived by 
artificial respiration and by pumping oxygenated blood into their arteries. 
For the rest of their lives, however, these dogs behave like animals with 
a removed or gravely diseased cerebral cortex (E. Asratyan, I. Petrov, 
V. Negovsky). 

The kidneys, the liver and the heart muscle are somewhat less scnsitive 
to oxygen deficiency, but disorders of their functions in hypoxia never 
fail to manifest themselves. Considerable local hypoxia, for example, dur- 
ing occlusion of the hepatic, renal or coronary arteries rapidly leads to 
paralysis of the functions of these organs. 

Paralysis of the functions of the skeletal muscles occurs within several 
minutes after the occlusion of their vessels, but the muscles do not lose 
their vital activity soon and regain their efficiency shortly after restora- 
tion of circulation. 


15 225 


Changes in Metabolism During Hypoxia 


Before hypoxia has reached and advanced the rate of basal metab- 
olism (gaseous exchange) and the energy output it determines do not 
undergo sharp changes. This is due to a number of changes in respiration 
and circulation as a result of which the supply of the tissues with oxygen 
is almost normal. In this case, however. the amount of oxygen transported 
to the tissues in a unit of blood volume diminishes and the retention of 
oxygen consumption at the normal level is due to an increase in the split- 
ting of oxyhaemoglobin and in the quantity of blood Howing to the tissues 
(except in hislotoxic hypoxia). The greater use of the oxygen of the 
arterial blood by the tissues decreases the content of oxyhaemoglobin 
in the venous blood flowing from the tissucs (hence, the cyanosis). 


It was but recently believed that the oxygen exchange in the tissues altered in 
hypoxia only when the amount of oxygen received was insufficient to cover its 
consumption. It was. therefore, thought that in moderate hypoxia the oxygen exchange 
did not alter. Actually, the constancy of the gascous exchange (by far not always 
observed in hypoxia) is not duc to the fact that hypoxia does not affect metabolism, 
but is a result of regulatory adjustments which ensure the maintenance of a certain 
constancy of metabolism despite the effect of hypoxia, This is demonstrated by the 
fact that in certain cases of hypoxia in man and constantly in mountain animals 
acelimatized to high altitudes (for example, in sheep kept in the mountains for several 
generations) the total consumption of oxygen diminishes. The diminution of the oxy- 
gen exchange in hypoxia is observed only in udult animals; it does not occur, for 
example, in lambs. It follows that reflex influences leading to a decrease in the 
metabolism develop during the individual’s lifetime (Slonim and Olnyanskaya). 


Respiratory and Circulatory Changes in Hypoxia 


A drop in oxygen tension in the blood at first always results in greater 
activity of the respiratory centre which is responsible for the accelera- 
tion and deepening of respiration at rest and, especially, during mus- 
cular work. This effect is due mainly to the reflex stimulation of the 
chemoreceptors of the aortic arch and the carotid sinus. The increase in 
pulmonary ventilation even leads to a pH increase in the blood because 
the latter loses a large amount of carbon dioxide. With the receptors of 
the aortic arch and the carotid sinus inhibited hypoxia does not increase 
respiration, and paralysis of the respiratory centre ensues without the 
phase of its intense activity. 


Increased activity of the respiratory centre and, consequently, increased pulmonary 
ventilation are characteristic of hypoxia in its early stages. It benefits the body when 
hypoxia is caused by insufficient arterialization of the blood in the lungs (respiratory 
hypoxia). In this case the increase in the pulmonary and, consequently, in the alveolar 
(p. 194) ventilation, leading to a rise in the partial oxygen pressure in the alveolar 
air, increases the oxygenation of the blood. In other forms of hypoxia, which are not 
due to oxygen deficiency in the arterial blood, the increase in respiratory activily 
cannot aid in relieving hypoxia, 


With an aggravation of hypoxia the efficiency of the respiratory centre 
falls, at first manifesting itself in Cheyne-Stokes and superficial respira- 
tion which docs not provide sufficient pulmonary ventilation. In this 
case insufficient respiration is added to the causes of hypoxia resulting 
in a vicious circle: hypoxia, which at first caused an increased activity of 
the respiratory centre, subsequently leads to its insufficient activity and 
the resulting respiratory insufficiency aggravates hypoxia still more. This 
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circle can be broken only by eliminating the causes of hypoxia, inspiration 
of oxygen being the best method. Hypoxia of the respiratory centre dis- 
appears and the latter resumes its normal functioning. 

The circulatory changes in hypoxia are characterized by a fast heart 
rate, an increase in the minute volume of the heart and a certain rise in 
the arterial blood pressure. The mass of circulating blood increases owing 
to the emptying of the blood depots; the vessels of the abdominal organs 
contract. Because of this more blood flows to the tissues per unit of 
time. The increased blood supply to the tissues is an important means for 
providing them with enough oxygen despile the fact that its content per 
unit of blood volume is lower. As long as the mechanisms of circulatory 
regulation are not impaired in hypoxia its reflex devices cause an increase 
in blood supply to the heart and the brain and this provides the nervous 
centres with sufficient oxygen. 

However, two phases are noted both in hypoxia and in respiratory regu- 
lation. The first phase has just. been described. The second phase is charac- 
terized by its opposite effect since it is conditioned by an impairment of 
the vasomotor centres in advanced hypoxia. In this case the pulse becomes 
fast and irregular and hardly palpable. the bluod pressure falls and the 
amount of blood flowing to the brain diminishes. A vicious circle is pro- 
duced again: advanced hypoxia causes circulatory disorders and these 
lead to a further decrease in the blood supply to the brain. Coma and death 
rapidly ensuc. 


Mechanism of Changes in Ilypoxia 


In all cases of hypoxia. even during the period when neither the oxy- 
genation of the arterial blood nor the rate of the oxygen exchange have 
altered, the tension of the oxygen dissolved in the blood and, consequently, 
in the tissues falls. The drop in the tissue oxygen tension is the earliest 
form of response to hypoxia. This offen very rapidly combines with the 
effect of the changes in the composition of the blood conditioned by such 
alterations in metabolism as are a direct result of hypoxia. 

In the initial phase of hypoxia the changes in physiological functions are 
conditioned by reflex acts resulting from the stimulation of the chemo- 
receptors in the aortic-carotid zone and in other tissues. 

The fall of the oxygen tension in the tissues and the vessels of the 
internal organs and the accumulation, in this connection, of metabolites in 
the tissues lead to the stimulation of the vascular and tissue chemorecep- 
tors. The impulses from these chemoreceptors reflexly alter respiration, 
circulation and, presumably, metabolism as well. 


The reflexes produced in hypoxia by the stimulation of the chemoreceptors combine 
with the reflexes originating from the baroreceptors and the mechanoreceptors of the 
organs whose functions are altcred by hypoxia. New reflex changes arise and in their 
turn affect the body. The changes of various functions conditioned by hypoxia are, 
thus, the sum total of a number of reflexes produced by the stimulation of numerous 
receptors. In advanced hypoxia all functions of the body are affected by the changes 
in the functional state of the central nervous system, primarily of the cerebral cortex 
resulting from the insufficient supply of oxygen to the nerve ccelis and their reactions 
to the changes in the composition of the blood and the flow of impulses from the 
various receptors stimulated in hypoxia. 


The unconditioned reflexes produced by hypoxia combine and form a 
single whole with the conditioned reflexes originating from all the stimuli 
which coincide in time with the effect of hypoxia. It has been shown, for 
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example, that the stimuli which had preceded the development of hypoxia 
produced qualitatively the same increase in respiration as did oxygen 
deficiency. 

Changes in the activity of the cerebral cortex in hypoxia affect all func- 
tions of the organism. These changes are reflected in the electro-ence- 
phalogram (Chapter 60). 


Effect of Rarefied Air on the Body 


The higher the altitude the lower the partial pressure of oxygen in the 
inspired air, which leads to a drop in this pressure in the alveoli and, as 
a result, to a fall in the oxygen tension in the arterial blood. 

The arterial blood (sec Fig. 84) is approximately 95 to 90 per cent oxy- 
venated as long as the barometric pressure holds above 500 to 550 mm. Hg, 
which corresponds to 3 to 3.5 km. above sea level. With the subsequent fall 
of the barometric pressure the oxygenation of the arterial blood rapidly 
decreases going down to 50 per cent of its oxygen capacity at the baro- 
metric pressure of 270 to 300 mm. Hg (about 7.5 to 8 km. altitude). 


Table 7 


Barometric Pressure, Partial Oxygen Pressure in the Inspired and in the Alveolar Air 
and the Percentage of the Arterial Blood Oxygenation at Different Altitudes 
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Physiological changes at high altitudes. Most peop!e ascending to an 
altitude of 2.5 to 3 km. above sea level do not suffer scrious discomforts. 
This docs not mean, of course, that at an altitude of 1.5 to 2 km., espe- 
cially of 3 km. above sea level, the body is in the same stale as at sea level 
barometric pressure. Though the arterial blood is still oxygenated to at 
least 90 per cent of its oxygen capacity at the altitude of 1.5 to 2 or 3km. 
the tension of the orygen dissolved in the blood is reduced and this con- 
ditions a number of changes in the organism, which include: a) a deepening 
and slight acceleration of respiration, b) an acceleration of the pulse rate 
and an increase in the minute volume of the heart, c) a certain increase 
in the mass of the circulating blood, d) an increased production of erythro- 
cytes (during a long stay at high altitudes) and ¢) a slight (detected only 
by very fine methods) decrease in the excitability of the receptors which 
disappears after 2 or 3 days of staying at this altitude. 


* This column gives only approximate figures since the corresponding values depend 


on a numbcr of factors: the rate of pulmonary ventilation, the carbon dioxide tension 
and the nature of the oxygen dissociation curve. 
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These changes are actually regulatory processes normally ensuring the 
maintenance of efficiency at the given allitude. A stay in the mountains at 
an altitude of 1 to 2 km. above sea level is sometimes even used as a thera- 
peutic method in fighting certain discases. 

Disorders of a number of functions begin to manifest themselves at an 
altitude of 3 to 3.5 km. above sea level: these are due mainly to changes 
in the normal activity of the higher centres. At this altitude il is not only 
the tension of the oxygen dissolved in the blood that decreases, but also 
the amount of oxygen bound by haemoglobin {hat diminishes. More or less 
grave symptoms of respiratory hypoxia usually appear when the oxygena- 
tion of the arterial blood falls below 85 to 80 per cent of the oxygen capac- 
ity of the blood. But a drop in the oxygenation of the arterial blood below 
50 to 45 per cent of its oxygen capacity is fatal to a human being suffering 
from respiratory hypoxia.* 

The symptoms of slowly developing hypoxia are: fatiguc, apathy, somno- 
lence, finger tremor, headaches, short. breath and tachycardia, frequent 
nausea, sometimes haemorrhages (“ahitude” or “mountain” sickness); these 
symptoms do not appear in rapidly developing hypoxia because the higher 
functions of the brain soon cease and coma ensues. 


Changes in the higher nervous activity may begin even before the amount of oxy- 
haemoglobin in the blood has diminished depending on the Tall in the tension of the 
blood-dissolved oxygen. In dogs (experiments performed by M. Brestkin) certain 
changes in the higher nervous activity are noted already at an altitude of 1,000 1% 
2,.000m.; these changes manifest themselves first in increased conditioned reflexes 
and weakened inhibitory processes in the cerebral cortex. At higher altitudes the 
conditioned reflexes diminish and then disappear (at an altitude of 6 to 8km.). The 
unconditioned reflexes also diminish. Inhibition grows stronger in the cerebral cortex. 
Whereas at low altitudes (2 to 4km.) changes in conditioned reflexes are noted only 
in the beginning, at high altitudes disturbances in the conditioned reflex activity 
during long-continued hypoxia increase rather than diminish. 


The changes in the states of the cerebral cortex produced by hypoxia 
affect all physiological functions. Inhibition developing in the cortex may 
spread to the subcortical structures impairing motor acts and strengthening 
the reflexes in response to impulses from the interoceptors. 


Limit of altitude tolerance. Depending on the individual peculiarities of the bady 
and its acclimatization the altitudes at which grave and then fatal disorders appear 
differ, but dilfercnt as these altitudes may be everybody is infallibly affected. 

The following average scale of altitudes at which definite functional changes appear 
may be indicated for healthy people: 

a) up to an altitude of 2.5 lo 3km., most people (some people up to 3.5 to 4 km.) 
suffer no appreciable discomfort. The oxygenation of the blood is still above 8f% per 
cent of its oxygen capacity and the only functional changes observed are an increased 
activity of the respiratory and cardiovascular systems and an increased erythropoiesis. 

b) the following disorders of the higher nervous activity and of respiratory and 
circulatory regulation begin to appear at an altitude of 4 to 5km.: euphoria or, on the 
contrary, depression lassitude, Cheyne-Stokes respirution, sharp increase in pulse rate 
and sometimes collapse; 

c) at an altitude of 6 to Tkm. these symptoms become very grave for most peuple 
except the specially acclimatized; 

d) staying at an altitude of 7 to 8km. always leads to serious consequences and is 
dangcrous to most people, while the altitude of 8.5 to 9km. is the limit above which 
no human being can rise (without inspiring oxygen). 


* Considerable underoxygenation of the blood is observed in animals constantly 
living in the mountains. For example, in shecp at an altitude of 4,000 m. above sea 
level the blond is oxygenated to only about 65 per cent of its oxygen capacity though 
they show no pathological symptoms of hypoxemia (A. Ginctsinsky). 


229 


Acclimatization io Hypoxia 


Increased resistance of the body to oxygen deficiency is referred to 
as acclimatization to the effect of rarefied air. This altitude acclimatization 
is achieved by the action of a number of factors. 

During acclimatization erythropoiesis increases, the number of erythro- 
cytes reaching 7 to 8 million per mm.* of blood instead of the normal 4.5 to 
5 million. The content of haemoglobin in the blood increases and its oxygen 
capacity rises to 22 volume per cent instead of the usual 17 or 18. 


The oxygen dissociation curve shifts to the left so that at a low tension the oxygen 
in the alveolar air more easily combines with the haemoglobin and at the same time 
with the low partial pressure the oxygen in the {issues splits off from the oxyhacmo- 
globin with greater difficulty. 
It is still not quite clear 
whether or not this shift of 
the dissociation curve is in 
the Jong run a factor that im- 
proves the supply of the tissues 
with oxygen (some studies 
noted a shift of the oxygen 
dissociation curve to the right 
during prolonged acclimatiza- 
tion 1o high altitudes). 
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The increased erythro- 
poiesis, the greater oxy- 
haemoglobin content and 
the change in its dis- 
sociation curve appear 
quite tardily (after several 
days or 1 to 2 weeks stay- 
ing at high altitudes) and 
disappear just as slowly 
after descent to the sea 
level, but changes in pul- 
monary ventilation, in the 
9 12 45 heart rate and in the mi- 
nute volume of the heart 
pte at i y S20 a occur immediately and are 
Fig. 95. Change in reaction of lissues Lo anaemizalion the most important means 
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of increasing the oxygen 
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thousandtha ofa second (from data by L, Filatova and G. Konradi) monary ventilation vary 
less so that after prolonged 
staying at an altitude of 4 to 5 km. the pulse rate and the minute volume of 
the heart may return almost to normal. The variations in the blood chem- 
istry produced by the greater pulmonary ventilation also decrease. 

The possibilities for human acclimatization to high altitudes are so con- 
siderable that in the Andes (South America) there are villages at altitudes 
of about 5km.; the population there does hard muscular work in mines 
5 to 5.3km. above sea level. In an attempt to reach the highest point of 
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the earth's surface (8,882m. above sea level) Mount Chomo-lungma 
(Everest) on the Chinese-Nepal border several highly trained mountain- 
climbers managed to ascend to 8,500 m. (the summit was reached in 1953 
with oxygen masks). It is possible to ascend to such altitudes (especially 
while doing hard muscular work) only when the body is acclimatized to 
these altitudes. 


The increase in the number of erythrocytes and in the amount of haemoglobin, and 
the increase in the minute volume of the heart and in pulmonary ventilation cannot 
be the only factors ensuring the adaptability of the organism to oxygen deficiency. It 
has been shown, for example, that bleeding which Icads to a 30 to 40 per cent 
decrease in the amount. of hacmoglobin is not accompanied by a lowering of resist- 
ance to hypoxia in dogs (in brief experiments) (Konradi and Filatova). No changes 
in the properties of the blood likely to explain the enormous ability to endure oxygen 
deliciency have been found in animals capable of tolerating considerable hypoxia 
(mammals frequently swimming for very many minutes under water—whales, cach- 
alots). Here we probably have changes in the distribution of the blood, constriction 
of the vessels in a number of organs and a greater supply of blood to the brain and 
the heart. In addition to this, however, we must postulate a tissue acclimatization 
to hypoxia. 

Resistance to hypoxia considerably increases in the tissues if they are repeatedly 
subjected to it, for example, by anaemization of the extremities through application 
of tourniquet (our data, Fig.95) or by repeated injections of nonlethal doses of 
potassium cyanide which depresses the processes of tissuc oxidation (Ginetsinsky). 


Tissues repeatedly subjected to hypoxia gradually react less and less to 
it. This is connected with the fact that the nervous tissue (especially the 
cerebral cortex) whose changes are the first to determine the development 
of the grave consequences of hypoxia gradually become less sensitive to 
oxygen deficiency. The interoceptors (particularly the chemoreceptors) in 
all tissues probably react less to the products of incomplete oxidation 
which appear in hypoxia. This is why in frequently recurring hypoxia 
the stimulation from the inleroceptors of the tissues subjected to repeated 
oxygen hunger changes, the cerebral cortex also reacts differently to these 
impulses and, it must be supposed that, in connection with this, the 
nervous regulation of the tissue metabolism is likewise modified. 

“Hypoxic conditioned reflexes” develop to the action of al] stimuli 
connected in time with the development of hypoxia; in recurring hypoxia 
all changes in the organism (changes in respiration, emptying of the blood 
depots, acceleration of circulation, etc.) occur faster due to these reflexes. 


Factors Affecting Body Response to Oxygen Deficiency 


The human and animal organisms react to oxygen deficiency differently 
under various conditions (even if they are similarly acclimatized). 

Newborn animals and animals in the first days of their life are capable 
of enduring degrees of hypoxia which would prove fatal io adults. 


The reason for it is that in very young animals the cerebral cortex, the organ 
most sensitive to hypoxia, is as yet undeveloped and cannot very greatly influence 
all the functions of the organism. This is confirmed by the fact that with paralysis 
of the cortical functions (as a result of anaesthesia or after removal of the cerebral 
hemispheres) animals (micc, pigeons) can be “flown” to higher “altitudes” in the 
Pressure chamber in which the air is rarclied (Filatova). 

The differences in the reaction of the cerebral cortex also explain, for example, 
why the animals formerly acclimatized to conditions of low tempcrature have a lower 
altitude tolerance than the animals who had lived in high temperatures; the latter 
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die of hypoxia only upon reaching higher “altitudes” in the pressure chamber than 
the former (Slonim). Lower altitude tolerance in high protein diet and in radiation 
with ultraviolct rays is also conditioned by the changes in the state of the higher 
divisions of the brain. These experimental data find confirmation in practice. Thus, 
“mountain sickness” develops earlier on clear than on cloudy days. In southern 
countries it develops at higher altitudes than in northern countries (influence of the 
temperature factor). 


All the symptoms and consequences of hypoxia appear as a result of 
insufficient oxygen tension in the blood and in the tissues. The loss of 
carbon dioxide and the alkalization of the blood connected with it, con- 
ditioned by an increased ventilation of the lungs (hyperventilation), also 
aggravate the condition of the body, but these disturbances are secondary 
and result from the reaction of the respiratory centre to hypoxia. Addition 
of oxygen to the inspired air climinates all the symptoms of hypoxia (if 
the latter has not caused irreversible changes). With inspiration of oxygen 
those who lost consciousness regain it; Cheyne-Stokes respiration is 
replaced by normal, and normal cardiac function is restored. 


There is an altitude above which one cannot rise even with an oxygen mask if one 
does not have a pressurized suit or cabin which protects against the cffect of low 
pressure. The fact is that the pressure of the air entering the lungs must not greatly 
execed the pressure exerted on the surface of the body or death from burst pulmonary 
tissue will quickly ensue. Oxygen is, therefore. inspired at a pressure corresponding, 
1o the altitude (or exceeding it by 10 to 20 or 30 mm. Hg at most), At an altitude of 
10 km. this pressure cquals approximately 200 mm. Hg, at an altitude of 12 km. it is 
160 mm. Hg and at an altitude of 15 km. it corresponds to 80 mm. Hg. 

The alveoli always contain water vapours whose pressure is 47mm. leg, if the air 
is saturated with them, and carbon dioxide with a partial pressure of no less than 
20mm. in the alvcoli even after hyperventilation. Hence, the tension of carbon dioxide 
and water vapours in the alveoli can never be below 60 to 70mm. He. 

Since life is impossible when the partial pressure of oxygen in the alveoli falls 
below 40 to 50mm. Hg the partial pressure of the oxygen in the inspired air must not 
be below 90 to 110mm, This is the atmospheric pressure at the altitude of 14 to 
14.5km. and this altitude, therefore, is the limit to which a well trained flier may 
climb by inspiring oxygen without being isolated [rom the atmosphere by a pressur- 
ized suit or cabin. 

Though all the symptoms of hypoxia are undoubtedly conditioned by oxygen defi- 
ciency the increase of the pH of the blood resulting from hyperventilation, which 
characterizes the reaction of the body unacclimatized to high altitudes, is also of some 
importance. In order to raisc the resistance to hypoxia attempts were made to reduce 
the alkalosis which develops in hypoxia by including in the food acid-ash substances 
capable of replacing the carbon dioxide eliminated during the hyperventilation, From 
5 to 10 gr. of ammonium chloride per day was administered for this purpose. The 
cation of ammonium chloride passes into the urea so that the hydrochloric acid formed 
from the NILCI remains in the blood. Several investigators have noted that with this 
(but still better by adding carbon dioxide to the inspired air) it is possible to ascend 
to high altitudes without grave symptoms of hypoxia. 


Effect of High Atmospheric Pressure and Oxygen Concentration 
on the Body 


Effect of high atmospheric pressure on the body. While low atmospheric 
pressure leads to chemical changes conditioned by oxygen deficiency in 
the organism, high atmospheric pressure, which man cncounters, for 
example, in deep-sea diving (work in caissons) acts primarily as a physical 
agent. 

Each 10 m. of submersion increases the pressure acting on the body by 
onc atmosphere so that at a depth of 90 m. man finds himself under a pres- 
sure of 10 atmospheres. Though this pressure is not of itself dangerous (if 
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it does not last more than two hours) a rise from this depth without neces- 
sary precautions may lead to death. 

When man is subjected to a pressure of, say, 5 atmospheres (6 kg. per 
1 cm.”) he can breathe air only at the same pressure. Solution of gases in 
a liquid is directly proportional to their partial pressures and whereas 
1 ml. of blood dissolves 0.011 ml. of nitrogen during respiration at sea 
level at a pressure of 5 almospheres 1 ml. of blood will dissolve 5 times 
as much nitrogen (nitrogen also dissolves in all tissues, especially in fatty 
tissue and in nervous tissuc abounding in fat). During a rapid transition 
from a pressure of 5 atmosphcres to the usual pressure the nitrogen, which 
passes in considerable quantities from the solution into a gaseous state. 
cannot reach the lungs fast enough and forms gas bubbles in the tissues 
and in the blood. A bubble of nitrogen in the blood may occlude the coro- 
nary or the cerebral arteries and cause instant death. Small nitrogen 
bubbles liberated in the nervous tissue produce severe pain. 

These complications can be avoided only by a slow rise to the surface 
during which the nitrogen liberated from the solution has time to pass 
into the pulmonary alveoli. Special instructions on the speed of rising 
conforming to the depth and the time spent at a given depth have been 
elaborated. 


These rules concerning the speed of decompression (i.c, speed of transition to 
normal pressure), enforced by Jaw, guarantee against serious disorders dangerous to 
life. Tf pain appears in the joints and muscles (“eaisson disease’) the patient is again 
immediately subjected to a higher pressure which dissolves the small nitrogen bubbles 
in the tissues and the pain disappears at once. After this decompression is administered 
extremely slowly. 


An acute carache due to blocking of the Eustachian tubes is a very 
unpleasant consequence of a transition to regions of higher pressure though 
it is not dangerous {o life. In this case the pressure on both sides of the 
tympanic membrane is unequal, the membrane is pressed inward and may 
break. 

Effect of considerable concentrations of oxygen on the organism. Oxy- 
fen, the most indispensable substance to life, is a poison which in large 
concentrations is destructive 10 the cells. A 50 per cent oxygen concentration 
in the air produces no ill aftereffects, but inhalation of pure oxygen at 
normal atmospheric pressure for more than 24 hours affects the lungs 
(pneumonia). Inhalation of oxygen under a pressure of 1.5 to 2.5 atmos- 
pheres provokes pathological phenomena within several hours. Since 
air contains a little more than one-fifth oxygen, staying under an air pres- 
sure of 7 or more atmospheres for over 4 hours is not to be allowed. If 
pure oxygen is inspired under a pressure above 3 atmospheres the animal 
dies in acute convulsions even before the lungs are affected by disease. 


PART V 
DIGESTION 


CHAPTER 24 
CHARACTERISTICS OF DIGESTION AND FOODS 


Significance of Digestion and Phylogencsis of the Digestive System 


A living system requires constant replenishment of the cnergy-giving 
and building materials for work, for maintenance of heat and for repair of 
the continuously disintegrating cells of various tissues (for example the 
epithelium of the skin and internal cavities, the hair, the nails, etc.). 

Man and the animals get the materials for these purposes from their 
environment in the form of animal or vegetable food and water. 

In his speech on the importance of studying the physiology of digestion 
I. Pavlov said: ‘It is not without reason that the concern for the daily 
bread prevails over all other phenomena of human life. It is the oldest 
bond which conncets all living creatures, including man, with the rest of 
nature. The food taken in by the organism, where it changes, breaks up, 
enters into new combinations and breaks up again, personifies the vital 
process in toto, from the most elementary physical properties of the 
organism, such as the law of gravity, inertia. etc., to the highest. manifesta- 
tions of human nature.” * 

The process of digestion, which takes place in the alimentary canal 
through chemical and physical changes of the substances consumed, ren- 
ders these substanccs absorbable and subsequently assimilable. As a result 
of these changes the complex and, for the most part, insoluble food sub- 
stances are transformed into simpler, soluble compounds, which enter the 
blood, are carried by it throughout the body and are absorbed by the cells. 

Nutritive substances introduced into the organism of the higher animals, 
other than by mouth (for example directly into the blood), are, as a rule, 
not assimilated by the cells; the organism treats them as foreign bodies. 
But artificially processed nutritive substances may in some cases be utilized 
in the organism when introduced directly into the blood. 


Unicellular organisms, which maintain contact with the environment by their entire 
surface, take in the nutritive substances from this environment und digest them in 
their protoplasm (intracellular digestion). The particles of the nutritive material are 
drawn by the pseudopodia from the environment directly into the cell where the proc- 
ess of dissolution of the particles in the digestive vacuole can be observed. This disso- 
lution is of a chemical nature with the aid of enzymes [ound in the protoplasma of all 
Protozoa. 

The ability to seize and break up the particles of nutritive substances is also retained 
by some cells, for example leucocytes, in animals and man. 


* I. Pavlov, Complete Works, Vol. II, Book 2, p. 347. 
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Digestion in all multicellular organisms (except the lower Coelenterata) 
is extracellular, i.e., it takes place in a cavity known as the digestive tube. 

The foods are changed chemically with the aid of enzymes secreted 
into the cavity of the digestive tube. The enzymes may be divided into 
three groups: proteolytic, lipolytic and amylolytic. As the names themselves 
show, these enzymes split up either proteins, fats, or polysaccharides 
(other enzymes, for example oxidases and amidases, are also found in 
some digestive juices). 

The enzymes are produced in the glandular structures of the digestive 
tract together with various digestive juices—secretions, but the enzymes 
of the different juices which act similarly are, nonetheless, not identical. 
Thus, for example, the proteolylic enzyme produced by the gastric glands 
differs from the proteolytic enzyme of the pancreatic juice. 

In addition to being changed chemically the food is also allered mechan- 
ically in the alimentary canal. During the mechanical changes the food 
is ground up, moved from one section of the digestive tract to another 
and mixed with the digestive juices: this is followed by the excretion of 
the unassimilated food, the desquamated cells of the epithelium and the 
microorganisms. 

In the process of evolution the secretory apparatus of the digestive glands under- 
goes considerable changes. In its simplest form it develops from the mucous mem- 
brane which lines the internal surface of the digestive cavity. The epithelium of the 
mucous membrane subsequently sinks into the wall of this cavity, becomes dilferen- 
tiated and forms cither a tube or an alvcolus—the simplest secretory apparatus. At a 
later stage these primitive glandular apparatus are transformed in a number of places 
into complicated structures, into complexes of secreting elements in the shape of large 
tlands. The latter arrange themselves near the digestive cavity and are connected 
with it by secretory ducts through which the product of glandular activity. i.c. the 
secretion, is poured into the digestive tube. 

In the process of the phylogenctic develcpment various glandular organs make their 
appearance already in molluscs and in Arthropoda: in insects they are connected with 
the differentiation of the anterior and middle intestines. In some insects salivary 
tilands appear on the belly: their ducts open into the oral cavity and their secretion 
contains enzymes which hydrolize carbohydrates. An organ of a glandular nature 
with blind ducts (pancreas) is formed in the Arthropoda from the middle intestine. 
This organ communicates with the intestinal cavity into which the enzyme-contain- 
ing digestive juice, produced by it, is secreted. 

The motor function of the digestive apparatus is also changed in the process of 
evolution. 

At the lower stages of development, for example, in the hydra, the digestive cuvity 
has only one opening through which the food is taken in and the undigested remains 
are excreted. Already in worms the digestive cavity acquires the nature of a tube (in- 
lestine) running through the entire length of the animal’s body, There are openings 
in the beginning and at the end of the canal—the oral and the anal. All parts of the in- 
testine at this stage of development have the same, as yel undifferentiated, function. 


In the higher animals the original canal becomes more complicated de- 
pending on the nature of their nourishment and their biological pecu- 
liarities. The anterior part of the intestine becomes differentiated forming 
an oral orifice and the adjacent salivary glands, gullet and oesophagus (in 
some animals these structures expand in the shape of a craw or a mus- 
cular stomach); the middle portion of the intestine forms the stomach, 
the duodenum, as well as the small intestine, the pancreas and the liver. 


Methods Used in the Study of the Digestive Apparatus 


The methods of studying the activity of the digestive glands and the 
motor function of the gastrointestinal tract were modified and developed 
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by a number of investigators; the works of I. Pavlov have made them so 
perfect that on their basis the activity of the digestive glands was studicd 
in some respects better than many other functions of the body. 

I. Pavlov set himself the aim of investigating the normal work of the 
digestive glands in a healthy organism. This required the ability to collect 
at any time an absolutely pure secretion of the digestive glands, i.e., to 
solve the problem, which physiologists and physicians unsuccessfully 
tackled as early as the 18th century. The difficulty was precisely in ob- 
taining the pure secretion of a perfectly healthy animal. It would seem, 
for example, that to obtain such a secretion as saliva, it was enough to 
chew some food and then to examine the saliva collected in the oral cav- 
itv. But, firstly, it is impossible to obtain a pure secretion without an 
admixture of food and, secondly, in this way it is possible to secure only 
mixed saliva secreted by the three pairs of large salivary glands, as well 
as by a mass of small ones dispersed in the mucosa of the mouth. 


Tt was about as difficult to obtain gastric juice. Thus. Réaumur made his subjects 
swallow pieces of sponge tied to a string, which, while in the stomach, were saturated 
with its contents and were later extricauted. It was, certainly, impossible to get pure 
juice in any appreciable quantities; moreover, this juice was the product of the activity 
of numerous dissimilar glands of a vast secreting surface. Observing the activity of 
individual glands under such experimental conditions was out of question. 

The attempts to graft glass and metal tubes into the ducts of the glands, begun 
as carly as the 18th century by Reinicr de Graaf and later continued by Ludwig anc 
Claude Bernard, failed to yicld any positive results, because the inserted tubes soon 
fell out or the animal died from infection. It was thought possible to secure the juices 
from glands in an acute experiment, under vivisection, and watch the secretion of the 
juice from uny gland. But disappointment awaited the investigator also in this case. 
since under vivisection the interference with the integrity of the organs and tissues, 
as well as the intoxication by narcotics, deranged the normal function of the glands. L 
is, therefore, impossible to observe the normal course of the secretory process by this 
method of study. 


The first idea of the normal activity of the gastric glands was given 
by Beaumont. For eight years this remarkable physician carefully studied 
a Canadian hunter who, because of an abdominal wound, had an unhealing 
fistula which led into the cavity of the stomach. 

In 1842, V. Basov, a Moscow surgeon, proposed a method of protracted, 
chronic study of the work of the gastric glands on an animal by means 
of a metal tube inserted in the stomach with the outer opening of the tube 
plugged. After the wound healed the gastric juice and gastric contents 
were obtained through this fistular tube. In 1843, Blondlot developed an 
analogous method in Paris. But the operation in this simple form did not, 
as yet, make it possible to obtain pure gastric juice and it fell to the lot 
of I. Pavlov to create the method, which has played an enormous role in 
investigating the processes of digestion and later of many other processes. 

The method, developed by I. Pavlov, consists in systematic surgical oper- 
ations to makc the physiological study of the activity of various internal 
organs possible. Such a surgical operation is performed on an animal pre- 
pared beforehand, under anaesthesia and strictly aseptic conditions. The 
animals operated on by Pavlov’s method were indispensable objects for 
the study of organs inaccessible to direct observation (liver, stomach, 
pancreas, kidney, etc.). 

The operation artificially established communication of the cavity of a 
division of the digestive tract with the external environment or brought 
the duct of some gland, etc., to the exterior. This artificially created com- 
munication of the organ (stomach, intestines, gallbladder, etc.) or duct 
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(bile, salivary, etc.) with the external environment is often designated as 
a fistula of the respective organ or duct. The operation, which prepares 
the animal for the experiments, is so performed as not to impair the func- 
tions of the organ studied and to retain its normal relationship with the 
other organs. The animal with chronic fistulas serves a long time for the 
study of some particular function and is frequently healthy till the end 
of its life. This method of experimenting is known as the method of chron- 
ic experiments in contrast with the vivisectional, or acute, method. 

The operations performed on animals by Pavlovs method furnished 
the principal information on the course of the digestive process in the 
different parts of the digestive tract and on the composition of the di- 
gestive juices. The study of the processes, which take place in the dipes- 
live apparatus, revealed the interrelation of the different parts of this 
complex system and their dependence on the general state of the body 
and on the influence of the externa) environment. It also disclosed a 
surprising adaptation in the work of the glandular and motor apparatus to 
all kinds of stimuli from the external, as well as the internal. environment. 

The data obtained in the experiments on animals have served as the 
basis for developing a number of methods for treating the diseases of the 
digestive organs and for studying them in man. 

Pavlov’s method of chronic experiments enables the physician and the 
physiologist to understand the phenomena occurring in the organism as 
mutually related. It is a truly synthetic investigation aimed at regarding 
(he organism as a single whole, both in ils normal and pathological states. 

It is, of course, impossible to experiment on man the way we do on 
animals. Bul. in the world of pathologic phenomena we often encounter 
experiments conducted, as if were, by nature and we have been able, in 
connection with this, to observe many very interesting aspects of digestion 
in the clinic. Enormous prospects thus offer themselves to the investigator 
for the study of the digestive processes in man. 


Composition of Foods 


Man consumes both animal and vegetable foods. The food substances 
are a source of chemical energy which is transformed into other forms 
of energy in the body. 

In addition to their energy value the foods must also be evaluated in the 
light of their composition, since, besides giving energy, they serve as tis- 
sue builders. Each foodstuff (meat, bread, milk, ete.) is composed of nu- 
tritive substances, mainly of proteins, fats and carbohydrates and, hence, 
the foods are classified as protein, fat. and carbohydrate foods. The con- 
tent of proteins, fats and carbohydrates and their caloric values in ‘he 
different foodstuffs arc shown on page 367. 

In addition to the nutritive materials each foodstuff also contains water 
and inorganic substances, salts, which form part of the protoplasm of all 
cellular structures. The various ions, absorbed along with the inorganic 
constituents of food, are necessary [or the function of all organs and tis- 
sues. Mention should also be made of the microclements, negligible quen- 
tities of which are contained in the foods. 

If we calculate the sum of alkaline equivalents (K`, Na’, Ca”, Mg”) and 
acid (Cl’, SO,”, PO”) for various foodstuffs and then add them up (des- 
ignating the surplus of alkaline equivalents by a plus and that of the 
ucid equivalents by a minus) we will be able to classify the foods (Table 8) 
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as acid and alkaline foods. All meat, fish and (in a lesser measure) grain 
products, including bread, belong to acid foods (because of the excess of 
the Cl’, SO,” and PO,” ions over the sum of the K’, Na’ and Ca” equiva- 
lents). Milk, different vegetables, fruits and berries belong to foods with 
an excess of bases. The sour taste of many fruits depends on the organic 
acids they contain: the latter are rapidly oxidized in the organism and 
are, therefore, not considered in the evaluation of the amount of acid 
equivalents absorbed by the body. 
Table 8 
Acidity and Alkalinity of Foodstuffs (in c.c. of Normal Acid 


or Alkaline Solution, Necessary for the Neutralization of 
the Surplus of Inorganic Bases or Acids per 100 gr. of Food) 


(After Berg) 
‘Surplus of 
Foodstutts Num of base | umol necid | alkaline ( : ) 
io eguivalents © equivalents : ar agicl (— ) 
b equivalents 
Blood... 2c. eee eee 16.76 W138; 45.48 
Beet. cscs cease eee 26.40 33.66 - 7.26 
Voile asnosi ESENE 36.10 22.96 
Pork. ... cc. cece | 15.35 27.82 12.47 
BIKES was ndladeledcules 19.85 22.60 -2.75 
Herring 00... eee 534.43 55LTS -- 17.35 
E iaasehe Sete poi i 771 69.32 11.61 
Egg white 2.0.0... 6. : 14.20 22.47 8.27 
Woman's milk ...... ; 7.04 4.79 + 2.25 
Cow's milk .. 6.0.06. i 13.08 11.39 -1 1.69 
LEITLE CU O : 15.64 19.07 4.33 
Bread... | 15.79 26.78 10.99 
Polatous oonan / 13.8% 7.95 : 6.90 
Lettuce oo... 6.2 eee. : 21.30 7.18 4 14.12 
Tomatoes. 00... i 20.72 7.05 1 13.67 | 
Cucumbers ......... | 70.08 | 38.58 | 4 31.50 
Apples .......00005. 281: L37 | + O84 
Oranges 6.0.6.6 0066, ; 12.46 2.85 ' 419.61 
i 


Most of the nutritive substances are colloids in their physicochemical 
properties. In colloids the number of particles in a defnite volume may 
vary with different conditions. Thus, the ratio of the total surface of the 
particles to their mass, i.e., the degree of dispersion, also changes. This is 
important because the enzymes act on the surface of the particles. The 
grealer the dispersion, the better the conditions for the digestion of the 
given food in the alimentary canal. 

Lastly, we must mention one more property of foodstuffs, the so-called 
bulkage they contain, the substances which are not assimilated by the 
organism. Cellulose, which is not digested or assimilated in the alimentary 
canal of the carnivores and man, is one of these. These substances, how- 
ever, may greatly increase the mass of food taken in, which is important in 
that it produces the feeling of satiety. The bulkage substances, which form 
part of the semiliquid food mass (chyme), at the same time influence the 
stimulation of both the secretory and motor functions of the digestive 
apparatus (especially, the intestines). 
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CHAPTER 25 
DIGESTION IN THE ORAL CAVITY 


In the higher animals and in man the digestion of nutritive substances 
begins in the oral cavity. Retained in the mouth but a short time (15 to 
20 seconds), the food is masticated (ground into small particles), moistened 
with saliva and transformed into a bolus. Chemical digestion of certain 
constituents of the food begins in the mouth, owing to the action of the 
saliva. 


Composition of Saliva 


The saliva of man and many animals is a mixed secretion of three pairs 
of large salivary glands—the parotid (gl. parotis), the submaxillary (gl. 
submazillaris) and the sublingual (gl. sublingualis), as well as of a mass of 
small glandules scattered in the mucosa of the mouth. 

The mixture of the secretions of all these glands is a colourless. viscid 
liquid, which contains 98.5 to 99 per cent water and 1 to 1.5 per cent of a 
dense residue (of salis and organic substances). The reaction of saliva is 
mildly alkaline (pH = 7.4 to 8.0); the saliva in children during the first 
years of their life is more acid than in adults. 


Saliva is always slightly turbid due to fine particles of epithelium of the buccal 
mucosa, leucocytes, ete. (so-called salivary corpuscles): it frequently contains food 
remains together with microorganisms. Due {o the volatilization of the carbon dioxide 
from the saliva, some time after it has been collected in a test tube, a calcium car- 
bonate is precipitated making the saliva cloudy. 


The dense residue, obtained after the evaporation of the saliva, consists 
of organic and inorganic substances. The organic substances are repre- 
sented mainly by proteins; the saliva secreted by the submaxillary and the 
sublingual glands contains, among the proteins, gluco-proteid-mucin which 
makes it viscid. 

Of the inorganic constituents the saliva contains chlorides, sulphates, 
carbonates of sodium, potassium, calcium and magnesium and traces of 
ammonia. The saliva of man and some animals also contains potassium 
sulphocyanate (about 0.01 per cent). Certain metabolites (CO., carbonic 
acid salts, urea, etc.), as well as drugs introduced into the organism (c.g. 
iodine) are discovered in the saliva. 

The saliva of man and some animals (ape, certain herbivores, bear) con- 
tains an enzyme called ptyalin which converts the polysaccharides into 
disaccharides, particularly, maltose, the latter being further converted to 
glucose by another enzyme called maltase. 

Ptyalin acts best only under definite environmental conditions, namely, 
at a temperature of 37 to 40°C and in a mildly alkaline medium; at 0°C 
and in an acid medium the action of the enzyme ceases. Starch is convert- 
ed by the ptyalin in the oral cavity but for a short time, since the 
bolus quickly enters the stomach. There the action of the ptyalin contin- 
ues until the acid gastric juice saturates the food mass, lying in layers, 
and renders the further conversion of starch impossible. The salivary 
enzymes continue to act in the stomach for 20 to 30 minutes with the 
gastric juice beginning to act only after the alkaline reaction has changed 
to an acid reaction. 


Structure of Salivary Glands 


The salivary glands are divided into: a) serous glands, secreting saliva 
whieh contains a good deal of protein, but no mucus and, therefore, no 
mucin (parotid glands in man); b) mucous glands, secreting saliva with a 
large content of mucin, i.c., mucous substance (sublingual glands in man): 
c) mixed glands, secreting saliva with an admixture of mucous substances 
(submaxillary glands in man). 

When not secreting, the cells of the salivary glands are larger and spheri- 
cally shaped; the nuclei of the cells are pale and are located at the basal 
part of the cell; this basal part adjoins the basement membrane. The cells 
are filled with secretory granules, except a narrow strip near the nucleus. 
The nucleus is. undoubtedly. also involved in the secretion. The gland is 
divided into lobules. The lumen of each lobule of the gland is narrow 
because it is surrounded by cells filled with secretory material. This applies 
in equal measure to the serous and the mucous glands. 

During the secretion the granules gradually disappear, separate small granules merg- 
ing into larger ones, which move out into the lumen of the lobule. At this time the 
threads of protoplasm in the glandular cells become clearer and it appears as though 
streamlets of liquid flow through the cells. But the secretion is accumulated in the 
gland not only when it is in a state of rest, but also during its secretory activity. After 
protracted secretion ceases the structure peculiar to the gland at rest is gradually 
restored, Its cells resume their spherical shape and the nucleus is forced down towards 
the base of the cell. When the gland rests the secretion accumulates unevenly: while 
some of the cells are already Alled with granules. the others still have very few of them. 


Like all the other organs of the digestive system the salivary glands also 
have aggrepations of nerve cells (ganglia) in their tissues or over their 
entire surface; the ganglia receive nerve conductors, secretory nerves, from 
the central nervous system. The nerve trunks, which reach the glands, also 
have other types of nerve fibres—vasomotor and afferent; the latter carry 
the impulses from the glands to the central nervous system. 

Vascular and lymphatic capillaries closely adjoin the basement mem- 
brane of the glands. During the secretory activity of the glands the vessels 
become considerably dilated, blood is supplied in greater quantities and 
lymphatic circulation is, probably, increased. The ducts of the salivary 
glands serve for the emptying of the secretion produced in the glandular 
cells. At the same time the secretion of the mucous cells, located in the 
walls of the duct, is mixed with the secretion of the gland. There are many 
elastic and muscle fibres in the walls and terminal parts of the gland ducts. 
The contractile (muscle) elements force out the accumulated secretion. 

Tt is possible that the first nervous impulse, which runs along the secretory nerves, 
creates a dillerence in osmotic pressure between the protoplasm of the gland cells, on 
the one hand, and the tissue liquid and blood, which surround them, on the other. 
This moment is, apparently, signalled to the nerve centres and results in the creation 
of a closed circuit of nerve impulses, which flow from the periphery to the centre 
and back again. It is in this manner, apparently, that the uninterrupted course of the 
secretory process is censured until a definite limit of efficiency, primarily of the 
nerve cells of the central nervous system, is reached. 

There are also other hypotheses of the way secretions are produced and secreted. 


Methods of Studying the Activity of Salivary Glands 
To study the secretory activity of the salivary glands and to obtain a 


pure secretion [rom each gland separately Pavlov developed a method of 
producing chronic fistulas in the ducts of the salivary glands. This mcthod 


240 


made it possible to study in detail, both quantitatively and qualilatively, 
the secretory function of cach gland according to the various stimuli which 
act on the animal under natural conditions. 





Fig., 96. Hirst step in creating chronic fistula in duct of the parotid gland. 
Probe is in tho duet nnd the stay sutures are on. Part of duet to be 
dissected is shown by dotted line (after N. Podkopayey). 


The operation for producing a fistula in the dog's salivary duct is per- 
formed as follows. A piece of the mucous membrane of the mouth, where 


the opening of the duct of the 
parolid or the submaxillary 
gland is located, is excised 
(Fig. 96). The duct and the 
piece of mucosa are separated 
from the surrounding tissues 
and are brought to the outside 
through a puncture in the 
cheek or in the floor of the 
oval cavity (Fig. 97). The piece 
of mucosa, brought to the ex- 
terior, is sewed to the skin. 
The wound in the oral cavity 
is closed. After a while the 
piece of mucosa grows into 
the skin of the cheek or chin. 
Following this a funnel is 
placed against the opening 
of the duct and the saliva 
can be collected into small 
cylinders, attached to the 





Fig. 97. Second step in producing chronic fistula in 
duet of the parotid: gland. 


Separated disk of mucosa haa been brought to esienor 
through incision in cheek (after N. Podkopayey) 


funnel (Fig. 98), separately from the parotid, as well as from the sub- 
maxillary and the sublingual glands (the ducts of the two last glands 
merge, forming a common opening). 
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Excluding one or two of the six large salivary glands from the normal 
digestion in the oral cavity in no way affects it. It is possible to observe the 
activity of the salivary glands in an animal with the duct brought out on to 
the cheek or chin under perfectly normal physiological conditions. The 
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Fig. 98. Dog with fistula of the parotid: gland. 
Funnel and text tube for collecting saliva are fastened to check in region 
of extcriorized opening of the duct, 


method of a chronic fistula in the salivary gland developed on dogs has 
been successfully used on a number of other animals, including cats, mice, 
goats, pigs and monkeys. 


Stimuli of the Salivary Glands 


Saliva is always secreted when foodstuffs are introduced into the oral 
cavity, the amount and composition of the secreted saliva varying 
with the physicochemical propertics of the food. In the dog the amount of 
secreted saliva depends, primarily, on the dryness of the food. The drier 
the food, the more saliva is secreted. When bread, which contains about 
50 per cent water, is eaten, less saliva is secreted than when powdered dry 
bread is consumed, in which there is hardly any water. For example. 
when the dog is fed 20 gr. of bread his parotid gland secretes 1.18 ml. of 
saliva and the submaxillary 2.9 ml.; when the same dog is fed 10 gr. of dry 
bread his parotid gland secretes 2.5 ml. and the submaxillary 3.8 ml. of 
saliva. It must, thus, be recognized that different mechanical stimulation of 
the oral cavity, primarily depending on the dryness of the food, is re- 
sponsible for the different work of the salivary glands. 

In addition to being stimulated by food the secretion of saliva is also 
provoked by the so-called rejected substances which may injure the 
mucous membrane of the oral cavity. Saliva is vigorously secreted, for 
example, when the mucosa of the mouth is irrigated with acid or alkaline 
solutions, when sand is put into the mouth, etc. 

The figures in Table 9 show graphically that the amount and composition 
of the saliva secreted depend on the physicochemical properties of the 
substances introduced into the mouth. 
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The importance of moistening the food with saliva is, therefore. 
obvious; it aids in the formation of a bolus easy to swallow. If no 
saliva is secreted very dry food cannot be swallowed. The composition of 
the saliva secreted on the food and on rejected substances differs. The 
saliva secreted on foodstuffs is rich in organic constituents, whereas the 
saliva secreted on rejected substances is poor in dense substances. When 
acid is introduced, however, the parotid gland secretes saliva rich in pro- 
tein, which, probably, participates in the neutralization of the acid (Table 9). 

The composition of the saliva also depends on the rate of its secretion. If 
the saliva is secreted (on foodstuffs) fast and abundantly, it is richer in the 
dense residue than when it is secreted scantily. But if the saliva is secreted 
abundantly and over a long time, it becomes gradually poorer in organic 
substances. After protracted secretion the cells of the salivary glands are 
poor in granules. 

We see that the amount and composition of the saliva secreted depend 
in large measure on the nature of the stimulation which causes the secre- 
tion. They also depend on the general state of the body. For example, if we 
feed dogs carbohydrate food, the usually absent ptyalin will appear in their 
saliva (Razenkov). If a dog is not given liquid for a long time, water be- 
comes a vigorous stimulant of salivary secretion (Fursikov). 

Table 9 


Amount and Composition of Saliva Secreted per Minute by the Mixed (Submaxillary 
and Sublingual Together) and Parotid Glands of the Dog When Fed and When 
Rejected Substances Are Placed in the Mouth 
(Average figures by Zelgeim from Pavlov's laboratory) 


| Parotid Gland 











Kind of Substance paliva È denne iorganie | saliva | dense: forgnnic | 
Doper op ab- i sub- ; ash per aul- | sub- | ash 
| minute stances stances | (in Sa) | minute jAtances atances | (in 2%) 
lian ral)! (in %) | tins.) | jün mb} (ims) | üns.) j 
AOU opis raison nee oes 11, 1.270.965 0.329! 14 2003; o 5. 
Meat powder. .........5.0065 4.4 : 1.48 | 0.87 . 0.61 | 1.9 ! 1.46 ' L1 : 0.36 
MURK rena rE 2.4 : 141 ; 0.90) 042 15 07: 07l -—- : 
White breml o...n. ceecee: 22 | 0.97 | 059; 038| 16 ; 1.18 | O78: 0.40 
Dry bread ... 2.6... cee ee eee _ 3.0, 143 i 0.97 l 0.46 ; 19 | 1.46. 1.10, 0.36 
SON oe sreo oe Gone eee eS sts » 20 ; 0.65 | 0.27 | 0.33 | 1.3 : 0.57 0.10. 0.47 
(89 HGL orca aa rae eee 4.3 | 0.78 | 0.18 ! 0.50 | 2.0 : 1.20 | 0.77 . 0.43 
2°) solution of acetic ucid ..... 5.4 ' 1.05 ; 0.39 i 0.66 | 4.6 : 1.17 | 0.57 0.60 
0.25%, solution of caustic Roda . D.N + 0.90 | 0.30 ; 0.00 | 5.0 | 0.86 | 0.22 : 0.64 


The work of human salivary glands has been repeatedly observed 
under clinical conditions in patients in whom fistulas were formed by an 
injury. But the salivary secretion in man has been particularly fully studicd 
since N. Krasnogorsky had proposed special capsules (Fig. 99) which are 
placed on the mucosa of the mouth against the opening of the duct of the 
salivary gland. (Similar capsules were proposed by Lashley.) 


The capsule consists of two chambers—an inner chamber and an outer one that 
surrounds it. The inner chamber serves to collect the saliva which is then removed 
from the oral cavity by a rubber tube; this tube is, in its turn, placed over a metal 
tube which communicates with the inner chamber. The outer chamber serves to fasten 
the capsule on the buccal mucosa by suction. The capsule holds fast In the mouth and 
permits of free chewing and swallowing of food (Fig. 99). 
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The study of salivary secretion has shown that in animals it is governed 
by other laws than in man. In human saliva no such differences in the 
amount of the dense residue are observed when various stimulants (food 
and rejected substances) are placed in the mouth as there are in that of 
dogs (Biryukov). Besides, while water causes no salivary secretion in dogs 
it is quite a strong stimulant of 
salivary secretion in man. In the 
absence of stimulants, which cause 
salivary secretion, the salivary 
glands of dogs are at rest, whercas 
in man constant secretion of the 
salivary glands is observed even 
when there is no stimulation at all 
(0.1 to 0.2 ml. per minute); salivary 
secretion is sharply increased 
when stimulated by food. 

The saliva secreted by the 
small glands in the oral cavity 
keeps the membranes of this cavity 
moist. When the mucous mem- 
brane of the oral cavity dries (for 
example, in speech) a_ certain 
Fig. 99. Right -- Krasnogorsky’s capsules for amount of saliva is secreted mainly 
collecting human saliva: below—from the by the small glands, scattered 
parotid gland, above—from the submaxillary. k : 
Lelt—colleeting human saliva with Krasno- throughout the mucosa. Like any 

gorsky's capsule, other weak mechanical stimulation 

of the oral cavity, chewing causes 

only insignificant salivary secretion. It must be mentioned, however, that 
longer chewing of the bolus prepares it better for further digestion. 





Innervation of Salivary Glands 


We see how regularly the salivary glands begin to sccrete in response to 
a stimulus in the oral cavity. The mere fact that secretion of saliva begins 
a short time (fraction of a second) after the action of the stimulus shows 
we are dealing with a reflex, i.e., with such an activity of the organ which 
takes place because of the transfer of the impulse to it over the reflex arc 
from the receptor through the central nervous system. 

We shall now consider the reflex arc of the salivary secretion reflex. 
Large numbers of receptors whose stimulation always causes salı- 
vary secretion (the receptor ficld of this reflex) are located in the oral 
cavity, especially on the surface of the tongue, where therc are special taste 
buds, which react to the action of bitter, salty, sour and sweet substances 
(Chapter 68). The different sections of the mucous membrane of the mouth do 
not equally react to the various stimuli. The most excitable parts of the 
tongue are its base and, to a lesser degree, its tip and inferior surfacc. 
Thermal stimuli are responded to by nearly the entire surface of the 
mucosa of the mouth, while the root and tip of the tongue, the hard and 
soft palates and the upper lip react quite strongly to mechanical stimuli. 
The afferent fibres from the receptors in the oral cavity run to the central 
nervous system in the lingual branch (n. lingualis) of the trigeminal nerve, 
in the glossopharyngeal nerve (n. glosso-pharyngeus) and in the superior 
laryngeal branch (n. laryngeus superior) of the vagus. 
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There are two methods in physiology to determine the significance of 
cach nerve trunk in innervational regulation: observation of the consc- 
quences of cutting a nerve and observation of the results of stimulation of 
its severed ends. Tests of the above-mentioned nerve trunks by these 
methods have shown they are really afferent conductors of impulses, which 
arise when the receptors in the oral cavity are stimulated. Artificial stimu- 
lation of the proximal segment of the lingual, glossopharyngeal and superior 
laryngeal nerves is followed by considerable secretion of saliva, but after 
all the afferent conductors of the oral cavity, the nose and the pharynx 
are cut, the stimuli, which act on the mucous membranc of the oral 
cavity, cause no more salivary secretion. 

A number of receptors in the oral cavity is stimulated in the act of eat- 
ing. By registering bio-currents [rom the lingual branch of the trigeminal 
nerve one can observe that application of different stimuli to the tongue 
gives rise to impulses connected with the mechanical, thermal and chem- 
ical stimulation of the receptors of the oral cavity. These impulses have 
different frequencies and are differently distributed in time; for example, 
the impulses from a mechanical stimulation of the tongue arise in the 
fibres of the lingual nerve over lesser intervals of time after application of 
the stimulus than the impulses following a chemical stimulus (data of 
laboratory headed by P. Anokhin). 

Stimulation of the afferent conductors, not related to the oral cavity. 
for example, the sciatic nerve, may under certain conditions also cause 
secretion of saliva. This is duc to the fact that salivary secretion in animals 
is not only of digestive significance; for example, secretion of saliva in dogs 
plays an important part in the regulation of heat in the body; it is also 
seereted when the dog licks his wounds, when the secretion of saliva plays 
the part of a protective reaction because it contains bactcricidal substances. 

The afferent fibres running from the receptors of the oral cavity in the 
trunks of the lingual, glossopharyngeal and superior laryngeal nerves enter 
the medulla oblongata. In the medulla the afferent fibres come in contact 
(probably through synaptic neurons) with the nerve cells which give off 
efferent fibres to the salivary gland. The efferent fibres for the submaxil- 
lary and the sublingual] glands run in the chordae tympani. This nerve 
arises from the nuclei (of aggregations of cells) of the VII pair of cranial 
nerves in the medulla oblongata. Leaving the brain the nerve fibres enter 
canalis facialis and further along the tympanic cavity. Coming out of the 
tympanic cavity they join the lingual nerve (branch of the V pair). 

The parotid gland receives nerve fibres from the nuclei of the IX pair of 
cranial nerves. These fibres run through the tympanic cavity as part of the 
so-called Jacobson’s nerve (n. Jacobsoni), then cnter the gangl. oticum, and 
emerging from it in thin branches they approach the gland under the name 
of the auriculo-temporal nerve. 

Having traversed the complicated path described above. the efferent pre- 
ganglionic parasympathctic nerve fibres of the salivary glands end in gan- 
glionic cells. These nerve cells of the parasympathetic ganglia are located 
both in the tissue of the gland and near it, for example, in the sublingual 
ganglion. Postganglionic fibres run from the cells of these ganglia and enter 
the tissue of the gland as several branches. The fibres of the vegetative 
nervous system just described belong to its parasympathetic division. 

In addition to parasympathetic fibres the salivary glands are also inrer- 
vated by sympathetic fibres. The preganglionic sympathetic fibres innervat- 
ing the salivary glands upon leaving the spinal cord run to the cervical 


245 


sympathetic nerves of the superior cervical ganglion which gives rise to 
postganglionic fibres travelling along blood vessels to all three large sali- 
vary glands.* 

To study the action of the aforesaid nerves on the salivary glands 
the nerves are stimulated in an acute or chronic experiment. In an acute 
experiment the nerves of the gland are separated and cut in order to apply 
stimulating clectrodes to their peripheral ends. To observe the secretion of 
the saliva a glass canula is inserted into the duct of one or several glands 
so that the saliva flows out through the canula. An abundant secretion of 
watery saliva is observed within 2 to 5 seconds after stimulation of the 
chordae tympani with induction current. The secretion of saliva continues 
for some time after the stimulation has ended. 


The effect of stimulating the chordae tympani is so strong that with a rhythmic 
action of the stimulus it is possible to oblain up to 200 ml. of saliva from the gland, 
whereas the gland itself weighs 7 gr. Longer stimulation of the cranial nerve increases 
the secretion of saliva, but the organic substances in the secretion gradually diminish. 
‘the amount of mineral salts increases to a certain extent as the stimulation is intensi- 
fied, 


Cutting the parasympathetic fibres which run to the salivary gland (i.e., 
cutting the corresponding cranial nerve) renders reflex secretion of saliva 
impossible. But 24 hours after the chordae tympani are severed the salivary 
gland begins to secrete saliva and secretes it incessantly for a period of 20 
to 60 days. C. Bernard termed this secretion of the denervated gland para- 
lytic. Its mechanism is not clear; the secretion is seemingly connected with 
some change in the excitatory apparatus which occurs after the specific 
nerve is excluded. According to Walter B.Cannon, this phenomenon is 
connected with the increased sensitivity of the denervated glands to chemi- 
cal stimuli. 

Stimulation of the peripheral end of the cervical sympathetic nerve, 
which runs to the submaxillary gland, also causes secretion of saliva. The 
sympathetic nerve has something to do with the other salivary glands as 
well (with the sublingual and in most animals with the parotid). But the 
effect from the stimulation of the sympathetic nerve differs characteristi- 
cally from that of stimulating the cranial parasympathetic nerve fibres in 
that 1) considerably less saliva is secreted when the sympathetic nerve is 
stimulated, 2) the “sympathetic” saliva is more viscous, because it contains 
considerably more organic substances, and 3) there is less salts in the “sym- 
pathetic” saliva than in the “parasympathetic.” Under sustained stimula- 
tion of the sympathetic nerve, as under stimulation of the chordae, the 
saliva grows poorer in organic substances, 

If we stimulate the sympathetic nerve first and then stimulate the 
chordae, the chordal saliva becomes richer in dense constituents. The same 
occurrence is observed when the parasympathetic and the sympathetic 
nerves are stimulated simultaneously. Stimulation of the parasympathetic 
nerve prior to the stimulation of the sympathetic nerve leads to an increase 
in secretion in response to the stimulation of the latter, and sometimes 10 
times as much saliva is secreted as when the sympathetic nerve is stimu- 
lated without the preliminary influence of the parasympathetic. The inter- 
action of the parasympathetic and the sympathetic nerves carrying to the 
salivary glands impulses which normally involve the higher divisions of the 


* In man and in many animals, the sympathetic fibres run in the neck in a common 
trunk with the parasympathetic fibres of the vagus. 
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brain is responsible for the work of the gland which is observed in the 
animal under natural physiological conditions. 

The centre of the unconditioned reflex of salivary secretion, i.e., the 
division of the central nervous system, where the excitation from the affer- 
ent leg of the reflex arc is transferred to the efferent, is the medulla oblon- 
gata. Its stimulation causes secretion of saliva, whereas its destruction 
makes reflex secretion of saliva impossible. Because of this the centre of 
salivary secretion is considered to be located in the medulla oblongata. Its 
participation is necessary in every reflex salivary secretion, but it is not 
the only central point the stimulation of which can cause secretion of saliva. 
Mislavsky and other investigators had already shown that secretion of 
saliva could also be caused by stimulating the cerebral cortex. 

The reflex of salivary secretion is always produced by the action of cer- 
tain stimuli on the receptors in the oral cavity. Since this reflex occurs 
invariably from the moment the animal is born Pavlov termed it an uncon- 
ditioned reflex. It has long been known, however, that the salivary glands 
of dogs, as well as of man, begin to act not only under the influence of food 
in the mouth, but also at the sight and odour of food or at the sounds, 
which usually attend the act of eating. This observation was made long ago 
and the phenomenon is known as “psychic salivary secretion.” The analysis 
af this long-known fact served for Pavlov as the point of departure in the 
elaboration of onc of the most important problems in physiology: the prob- 
lem of the mechanism of activity of the higher division of the central 
nervous system—the cerebral cortex. 

The sight or smell of food do not act on the receptors in the oral cavity, 
but on other receiving apparatus—the eye and the nose. The secretion of 
saliva in response to stimulation of these receiving apparatus is, both quan- 
titatively and qualitalively, an exact, though reduced, replica of the sali- 
vary secretion which occurs when food is taken into the mouth. But for the 
sight or smell of food 10 cause secretion of saliva it is necessary that the 
stimuli, which attend the act of cating (sight and smell of food, conditions 
under which food is taken) act once or several times simultaneously with 
the action of the food on the receptors in the oral cavity. The dog, who never 
ate meat, will not secrete a single drop of saliva upon seeing or even smell- 
ing it. But if it did eat meat. once or several times its sight and odour will 
cause salivary secretion. 

The reflex of salivary secretion in response to stimulation of the recep- 
tors in the oral cavity is inborn. Salivary secretion under the action of 
stimuli on other receiving surfaces is also reflex, but this reflex is not 
inborn, is not a reflex of the species, but is claborated in the process of 
individual life. This reflex Pavlov termed a conditioned reflex. 

Participation of the medulla oblongata in the reflex arc is enough to 
produce the unconditioned reflex of salivary secretion, whereas the condi- 
tioned reflexes are produced and elaborated only with the participation of 
the cerebral cortex. The inherited unconditioned reflexes can, thus, be pro- 
duced by the lower divisions of the central nervous system, whereas the 
new relations of the organism to its environment, elaboratcd in the course of 
its life, are established by the activity of the higher divisions of the brain. 

Conditioned refiexes of the salivary gland are formed, as before stated, 
when some indifferent agent, i.e., one which does not of itself cause sali- 
vary secretion, acts simultaneously with the stimulation of the oral cavity. 
Following this, the formerly indifferent agent becomes a stimulus to the 
salivary gland. The accessory properties of a food (odour, sight of food) 
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inevitably become conditioned stimuli because in normal eating they 
always act simullaneously with the unconditioned stimuli. The conditioned 
reflex, which results from the action of the above-mentioned stimuli, has, 
therefore, been termed a natural conditioned reflex. 

The normal secretion of saliva, when food is taken, is made up of the 
interweaving of conditioned and unconditioned stimuli, the action of the 
former always preceding the latter. Owing to the formation of conditioned 
reflexes the salivary glands (also other divisions of the digestive system, as 
we shall see later) may become active (be “mobilized”’) even before food 
is taken when acted upon by the signals connected with the forthcoming 
act of eating. 


Neurohumoral Stimulation of the Secretion of Salivary Glands 


The salivary gland may also be stimulated by the action of a stimulus 
brought to it by the blood (this stimulus acts, primarily, on the nerve end- 
ings in the gland). Injection of 1 to 3 mg. of the alkaloid pilocarpine into the 
blood causes an abundant secretion of saliva, which sometimes lasts from 
l to 2 hours. Pilocarpine acts on the neuroglandular apparatus; the blood 
supply to the gland is increased at the same time. The glands are also stim- 
ulated in asphyxia or in holding the breath, in ether anaesthesia and 
by the action of certain other poisons. In a number of cases the chemical 
stimuli act not only through the blood on the peripheral nervous apparatus, 
but. also directly stimulate the central nervous structures. 


Blood Supply to the Salivary Glands During Secretion of Saliva 


During the activity of the salivary glands the amount of blood Nowing 
through them sharply increases (3- to 4-fold). This increase in the blood 
supply is, apparently, a matter of reNlex action. The chemical and mechan- 
ical changes in the gland stimulate its receptors. The impulse, which 
arises in the receptors of the gland, is transmitted to the central nervous 
system, to the vasomotor centre, whence impulses run along the vasomotor 
nerves to the blood vessels in the pcriphery and regulate their lumens. 
Experiments show that in addition to the secretory nerve fibres the sali- 
vary glands are reached by vasodilators (in the chordae tympani) and vaso- 
constrictors (in the sympathetic nerve). 

Proper blood supply to the gland is, undoubtedly, a necessary condition 
for its work, which sometimes lasts very long. By stimulating the secretory 
nerves experimentally it is also possible to secure a secretion from a blood- 
less gland, but the amount of saliva will be insignificant, the excitability 
of the nerves under these conditions decreases and the salivary secretion 
soon stops. 


Mechanism of Work of Secretory Cells 


There were attempts to explain the mechanism of salivary secretion as a 
result of filtration of liquid from the blood through the cells of the salivary 
gland under the influence of an increased blood supply and high blood 
pressure. It turned out, however, that saliva was also secreted in a severed 
head of an animal when the secretory nerves were stimulated. Moreover, the 
pressure of saliva in the duct of the gland is often higher than the blood 
pressure in the arteries (Ludwig). 
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Hence, it is not the blood pressure that causes the water to pass [rom the 
plasma through the vessels and cells of the gland into the saliva. It is im- 
possible to explain the secretion of saliva as a result of simple filtration. 
Normal scerction of saliva, certainly, needs a supply of blood, which brings 
to the gland the necessary material and water for the production of the 
constituents of the secretion, but, though this blood supply is necessary for 
sustained work of the glands, blood pressure in the vessels is not the cause 
of the secretion. Production of the secretion must be ascribed to the activity 
oi the glandular epithclium itself. This activity finds its expression in the 
above-mentioned changes, which occur in the glandular cells (p. 241). 

Assuming that the production of saliva and its secretion by a flow of 
liquid are two separate processes, Heidenhain advanced the theory of se- 
cretion in 1868, according to which the fibres of the cranial nerves (para- 
sympathetic) cause the secretion of water and salts, while the impulses, 
which run through the sympathetic fibres, condition the secretion of the 
organic substances. The nerve fibres, which condition the secretion of water 
and salts and which run mainly in the cranial nerve. were termed secre- 
tory by Heidenhain, whereas the fibres, which condition the secretion of the 
organic substances and which prevail in the sympathetic nerve, were named 
trophic. The different relations between these stimulations determine the 
different character of salivary secretion in each particular case. The 
amount of salts in the saliva directly depends, according to Heidenhain, on 
the speed of the secretion: the increased secretion of saliva is connected 
with an increase in the content of inorganic constituents; the amount 
of these constituenis decreases when the secretion slows down. Heiden- 
hain's theory, however, does not explain all the aspects of the activity of 
the salivary glands and, in a number of points, finds no confirmation. 
There is no generally accepted theory of the mechanism of salivary secre- 
tion as yet. 

The ideas of the way excitation is propagated from the nerve fibres to the 
effectors have considerably changed of late. According to the formerly 
prevailing physical point of view the transfer of the impulsc from the 
nerve to the gland was a change in the polarization of the dividing sur- 
faces between the nervous and the glandular apparatus. It has now been 
demonstrated that when the secretory nerves are stimulated a special 
chemical substance appears in the blood flowing from the gland and this 
substance stimulates the gland and causes a number of chemical transfor- 
mations in the glandular cell. Stimulation of the chordae tympani causes 
the secretion not only of the submaxillary gland whose nerves are intact. 
but also the secretion of another gland whose nerves were preliminarily 
cut. These observations indicate that when the secretory nerves are stimu- 
lated special substances are produced in the gland, which are in themselves 
capable of causing the secretory activity if they get into another gland 
through the blood. Tests of this substance on different test-objects have 
shown that it can be likened to acetylcholine. There are also indications 
that along with acetylcholine another and more stable substance is produced 
in the gland and is secreted with the saliva. This substance dilates the blood 
vessels and stimulates the activity of the gastric glands. 

The nerve impulses also influence the contractile elements of the gland. 
Contraction of these clements moves the accumulated secretion through the 
minutest ducts of the gland. The movement of the secretion along the 
secretory capillaries apparently causes the stimulation of the interoceptive 
nervous apparatus of the gland. This stimulation is transmitted to the cen- 
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tres, whence waves of excitation run to the periphery, to the glandular 
cells and the vasomotor apparatus. A circular process, as it were, is created 
and this process supports the sustained work of the gland. 


Mechanical Processes in the Oral Cavity During Eating and Digestion 


In addition to being chemically changed in the mouth the food is ground 
up and saturated with saliva; then the bolus is moved to the base of the 
tongue, which causes the act of deglutition as a reflex in response to the 
stimulation of the receptors of the soft palate by the bolus. 


Sucking. When the mouth is closed the tongue completely fills the oral cavity which 
results in a pressure 2 to 4mm. H20 lower than atmospheric; the lower jaw is passive- 
ly pressed against the upper by the air pressure. Since there is no communication 
between the oral cavity and the external air because the lower jaw drops, the tonguc 
is drawn down and back (the drawing of the tongue back can be compared with the 
backward movement of the piston in the cylinder of a pump) and sucking results. At 
this time the pressure in the ora] cavity may be lower than atmospheric by 100 to 
150mm. H.O. When a child sucks his mother’s breast milk enters into the rarefied 
space of the oral cavity. The tongue, lips and jaws are moved by the genioglossi, 
sterno-hyoidei, sterno-thyreoidei and other muscles. These muscles are innervated by 
the facial nerve, the muscles of the lower jaw—by the trigeminal and facial nerves, 
and the muscle fibres of the tonguc—by the lingual nerve. Branches of the V pair of 
nerves serve as the afferent nerves which stimulate sucking. 


Mastication. Mastication is an intricate complex of movements performed 
by the contraction of the muscles of mastication (masseteres, external and 
internal, pterygoidei and temporal muscles) and the muscles of the tongue 
and cheeks. Mastication grinds the food into small particles and aids in 
moistening it with saliva and forming a bolus. 

During mastication man performs various movements with his lower 
jaw, which alternately moves horizontally and vertically. Owing to these 
movements the lower teeth come in contact with the upper. The front 
teeth bite the food off. The food is crushed by the premolars, when the 
lower jaw rises and the rows of teeth close, and is ground up by the molars 
during the horizontal displacements of the lower jaw. The food is delivered 
between the rows of teeth by the contractions of the muscles of the tongue 
and cheeks. The muscles of the lips close the oral cavity, deliver the food 
to the oral cavity and prevent its falling out of the mouth. 
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Fig. 100. Kymogram of single masticatory period in man. 
J--roet phase; I7 phase of introducing food into mouth; J//---tontative phase of mastication: 
IV. main phase of mastication; V-—phase of bolun formation and swallowing. Hine of curve 
(AN) corroaponda to opening of mouth, its drop (BC) -to closing of mouth; O moment 
tooth cow and crush food; J’—moment food is ground (after I. Rubinov). 


A graphic study of the masticatory movements of the lower jaw makes it possible 
to establish thcir definite repetitiveness in the mastication of each piece of food; the 
repeating cycle of these movements is known as a single masticatory period. The 
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masticatory period is made up of five phases following cach other: phase 1—rest, 
phase 2—introduction of food into the oral cavity, phase 3—tenlative masticatory 
phasc, phase 4—basic masticatory phase, phase 5—formation of bolus and beginning of 
deglutition (lig. 100). The correlation of the length of the separate phases and the 
nature of the masticatory movements may change according to the size of the piece of 
food, its hardness and the taste clements of the food; it represents considerable indi- 
vidual peculiarities (Fig. 101). The mechanical properties of food and, hence, the 
mechanical stimulation of the oral cavity are of the greatest importance to mastication. 





Fig. 101. Kymogram of human masticatory movements during mastication of 
substances of varying hardness (Vitamin B, pill, dry bread, kernel of hazel-nut 
and fresh bread). 

J cheginning of food crushing: Bo beginning of food grinding (after 1. Rubinov). 


The masticatory reflex is called forth when the mucous membrane of the 
oral cavity is stimulated; the impulses from the receptors run along the 
second and third branches of the trigeminal nerve. The reflex centre of 
mastication, directly subordinated to cortical influences, is located in the 
medulla oblongata. The efferent innervation of the muscles of mastication 
is also effected by branches of the trigeminal nerve. 

The natural conditioned reflexes, formed all through life, are of consider- 
able importance to the regulation of the masticatory movements. Thus, the 
experiments of I. Tsitovich established that dogs, grown exclusively on 
liquid food (milk), devoured pieces of meat but very slowly. 
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In man mastication of soft food, following the mastication of hard sub- 
stances, calls forth a masticatory period characteristic of hard food. For- 
mation of conditioned reflexes to masticatory movements in connection 
with the hardness (consistency) of food has thus been proved. 

The masticatory movements influence the secretion of saliva and the 
secretory and motor functions of the stomach. In man mastication raises 
the metabolism by nearly 50 per cent, as compared with that in an organ- 
ism at rest, and influences the circulation and muscular efficiency. All 
these influences are produced by complex reflexes, both conditioned and 
unconditioned, which form the basis for the act of eating and which in- 
fluence the course of the physiological functions in the organism. 


An examination of the degree to which a food substance (usually the kernel of a 
nut) is ground up after a certain number of masticatory movements is used in the 
study of mastication. The strength of the masticatory muscles is measured by special 
dynamometers (gnathodynamometecrs), 


Deglutition. The act of deglutition implies the sum total of motor reac- 
tions by which the food is moved from the oral cavity through the oeso- 
phagus to the stomach. The movement of the bolus through the upper part 
of the oesophagus is actually felt by the eater. When the bolus enters the 
lower third of the oesophagus its movement is no longer felt. The act of 
deglutition begins under the influence of the higher divisions of the central 
nervous system. Movements of the tongue push the bolus to the tongue's 
dorsum where a groove is formed (by contraction of the tonguc’s muscles). 
Then, due to the contraction, mainly, of the mylohyoid muscle, the bolus is 
pressed against the hard palate and passed through the anterior pillars of 
the fauces. The resulting stimulation of the receptor apparatus of the soft. 
palate causes a reflex contraction of a number of muscles, in particular, 
the musclics clevating the soft palate. Owing to this the oral cavity is sepa- 
rated from the larynx. With the elevation of the soft palate by the con- 
traction of the genio-hyoidei and tensoris veli palatini muscles the naso- 
pharyngeal cavity (cavum pharyngo-nasale), where the choanae and the 
openings of the Eustachian tubes are located, is sealed off. In pushing the 
bolus the tongue presses against the epiglottis, closing the entrance to the 
air passages: at the same time the hyoid bone and the larynx are elevated 
by the contractions of the palatini, stylo-hyoidei and digastrici hyoidei 
muscles. All these movements tightly close the entrance to the larynx and 
the return of the bolus into the oral cavity is now obstructed by the elevated 
root of the tongue and the pillars of the fauces pressed against it. The 
bolus, now in the pharyngeal cavity, can enter only the opening of the 
oesophagus, dilated and pushed up to the pharyngeal cavily by contrac- 
tions of the palatini and pterygoidei muscles (Fig. 102, left). 

After the bolus enters the oesophagus the oral and pharyngeal cavities 
assume their initial configuration (Fig. 102, right). 

The whole process of sealing off the air passages and of the bolus’ glid- 
ing through the pharynx into the oesophagus past the closed larynx is 
very rapid. Approximatcly 0.3 to 0.5 seconds after the beginning of deglu- 
tition (considering this moment to be the contraction of the mylohyoid 
muscle, which presses the tongue with the bolus on it against the hard 
palate) the food is in the oesophagus and the air passages open again. But 
in the beginning of each act of deglutition the air passages must be closed, 
hence, for a fraction of a second neither inspiration nor expiration are 
possible. 
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The oesophagus is a tube with muscular walls; in its upper part the 
muscles are striated, in the middle—striated and smooth, and in the 
lower—only smooth. When not engaged in deglutition these muscles are 
in a state of certain tonic contraction. It is very probable that during the 
first moment of deg]utilion this tonic contraction is inhibited and the 
ocsophagus is, conscquently, relaxed. 

If the food is liquid the pressure of the back of the tongue is enough to 
propel it into the relaxed oesophagus and it takes 2 to 3 seconds to reach 
its lower end, whence it enters the stomach in a thin stream. If the swallows 





Fig. 102. Sagittal section of oral cavity und nasopharyngeal 
region: left during swallowing. right) when not swallowing, 
I- nasal envity: 2 soft palate: 3 tongue; 4--epiplottis: 3 hyoitl bone: 
G thyroid cartilage; @ oesophagus: S- by pophuryns. 
Left) changes in pharyngeal cavity during awallowinge: bolus (9) is in 
pharynx, soft palate seals off nasopharynx: tongue and larynx are rained; 
entrance to fatter is eluned (after Arbus). 


follow each other rapidly the oesophagus remains relaxed and the liquid 
flows through it under the pressure created in the pharynx and by gravity. 

It is different if the bolus is more or less solid. In this case the passage 
of the food from the lower part of the pharynx into the oesophagus is 
aided by contractions of the middle and lower constrictors of the pharynx. 
The food passes down the oesophagus because of the latter’s peristaltic 
movements which resemble the mevements of a worm: the part of the 
ovsophagus immediately above the bolus contracts, while the one imme- 
diately below relaxes and the bolus is pressed, as it were, into the part of 
the oesophagus which opens before it. The passage of the bolus through 
the oesophagus to the stomach takes 6 to 8 seconds. Deglutition ends with 
the relaxation of the cardiac sphincter at the entrance to the stomach. 

Deglutition is a typical complex-reflex act. Both contraction and relaxa- 
tion of the muscles of the upper divison of the swallowing apparatus, 
including the soft palate, involve the activity of the cerebral cortex. The 
moment the food passes the palatine arches the process becomes invol- 
untary, i.e., independent of the cerebral cortex. 
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Deplutition requires that the receptors of the soft palate be stimulated. 
If the soft palate is smeared with novocain, deglutition becomes impossible 
until the anaesthesia wears off. Stimulation of the receptors of the soft 
palate is transmitted to the medulla oblongata, where it is transferred to 
the efferent neurons of the trigeminal, hypoglossal, accessory spinal and 
vagi nerves which innervate the mylo-hyoid muscle, the tongue and the 
muscles of the pharynx and larynx. The bolus, entcring the oesophagus 
because of the contraction of these muscles, stimulates the receptors of 
its mucous membrane, which, reflexly again, causes the muscles of the 
oesophagus innervated by fibres of the vagi and sympathetic nerves to 
contract. Stimulation of the receptors of the muscles contracting in the 
upper part of the oesophagus causes a reflex relaxation of the part im- 
mediately below. 

In the act of deglutition we, thus, have a series of cycles, each of which 
is made up of a series of processes: the consummation of each cycle leads 
to the stimulation of the receptors, which reflexly stimulate the following 
phase of the process (chain reflex). 

The complicated coordinated activity of the oesophageal muscles, as 
well as of the other muscles taking part in the act of deglutition, is based 
on the complex relations in the different divisions of the central nervous 
system involving the structures from the medulla oblongata to the cerebral 
cortex. The last neuron, which sends efferent fibres to the muscles of 
deglutition, lies in the medulla oblongata. Its destruction makes deglutition 
impossible; it is, therefore, believed that the centre of deglutition is in the 
medulla oblongata. 

During deglutition the respiratory centre is inhibiled (the urge for 
inspiration is suppressed) and the heart rate somewhat increases. Contrac- 
tion of the oesophageal and pharyngeal muscles also stimulates contraction 
of the muscles of the stomach by means of interoceptors. 


CHAPTER 26 
DIGESTION IN THE STOMACH 


From the oesophagus the food enters the stomach, where it is retained 
for a long time and is subjected to mechanical action and the action of 
gastric juice. 

The human stomach can hold several kg. of food and water. 

The mucous membrane of the stomach is abundantly lined with small 
cells whose microscopic excretory openings can be seen throughout 
the mucosa from the entrance (cardia) to the pyloric part of the stom- 
ach. The numerous (about 14,000,000) glandules are distributed in the 
mucosa unevenly and their structure is not everywhere the same. In the 
region of the lesser curvature, on the bottom and in the body of the 
stomach these glandules are made up of three types of cells: the chief, 
which form the main mass of the gland’s parenchyma, the accessory, which 
resemble mucous cells in structure, and the parietal, scattered along the 
gland tubule. The parietal cells are surrounded by a network of capillaries, 
which also penetrate to the chief cells. The glands in the region of the 
pylorus have no parietal cells. It is considered quite probable that some 
enzymes are produced only by the chief cells, while hydrochloric acid is 
produced only by the parietal cells. The work of Y.Lazovsky indicates, 
however, that these types of cells are closely related, since in the embryo 
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the chief cells develop from the accessory and may, under certain condi- 
tions, acquire their initial properties in the adult, then secreting mucus 
rather than the serous substance. 

The powerful musculature of the stomach is not equally developed in all 
of its parts. For example, a circular muscular layer is strongly pronounced 
in its pyloric part. 


Methods Used in Studying Gastric Secretion 


It was impossible to obtain natural gastric juice in large amounts until 
Pavlov and Shumova-Simanovskaya added an ocsophagotomy to the gastric 
fistula in 1889. 

In this operation the oesophagus is cut in the cervical part and its 
severed ends are grafted to the corners of the skin wound. When such a 
dog eats, all the food with the secreted saliva drops out of the end of the 





Fig. 103. Gastric fistula 
tube. gastric fistula. 


oesophagus, which is brought to the exterior of the neck, and does not get 
into the stomach (experiment of “sham feeding”) (Fig. 104). Sham feeding 
causes an enormous amount of pure gastric juice, unmixed with either 
food or saliva, to be excreted through the gastric fistula.* 

The method proposed by Pavlov enabled the investigators to secure un- 
limiled amounts of gastric juice, but did not make it possible to study 
the secretion of gastric juice under normal conditions when the food con- 
sumed had been in the stomach for a long time. 

To study the secretion of gastric juice Heidenhain proposed in 1878 a 
method consisting in the formation of a “gastric pouch” made of a strip of 
tissue cut out of the wall of the stomach (Fig. 105, left). The stomach was 
then sutured and gastric digestion could be carried on normally. By this 


* A “factory” of gastric juice was organized at the Institute of Experimental Medi- 
cine (Leningrad) on Pavlov’s initiative. The “factory” is still running with oesophago- 
tomized dogs sham-fed daily. The pieces of meat swallowed by the dogs drop out and 
are swallowed by the animals again, thus making it possible to conduct sham feeding 
for more than an hour with a small amount of meat. The method enables the students 
to collect close to a litre of pure juice from each animal, which after additional purifl- 
cation is very successfully used in the clinic in disorders of gastric secretion. The oeso- 
phagotomized dogs live for ycars. They are fed by solid food put directly into the 
pman through the fistula; liquid is poured through the lower opening of the oesv- 
phagus. 
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method the food consumed did not get into the isolated pouch, and the 
juice, secreted to the exterior through an opening made in the skin, was 
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Fig. 105. Ineisions for forming isolated stomachs: righi- after 
1. Pavlov, left—after R. Heidenhain. 

D - oesophagus; E- pylorie antrum; Zand ? -anterior and posterior vagal 

gaatrie plexes reapectively; Cand C, strips of gastric wall out of whieh pouch 

ia made; ABO section, according to Puvlov, retaining nerve fibres running to 

strip C (shown by dotted lines); abbe—-seetion, according, to Heidenhain, cutting 


nerve fibres ruming to strip C,. 


free of admixtures. Heidenhain’s method had a very essential drawback. 
however, because when the strip of tissue necessary for the formation of 





Fig. 106. Isolated pouch 
(after 1. Pavlov). 
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the pouch was shaped the nerve conductors 
were severed and the pouch was denervated. 
This drawback in Heidenhain’s operation was 
eliminated by Pavlov, who proposed in 1894 an 
entirely new method of cutting out a gastric pouch 
in which the innervation remained intact. Pavlov 
made an incision for shaping the strip of tissuc 
parallel to the course of the nerve fibres 
(Fig. 105, right). Between the strip of tissue formed 
by this cut and the rest of the stomach there 
remained a bridge of a serous muscular layer 
with branches of the vagus and vessels running 
to the pouch, The pouch was separated from the 
stomach only by the mucous membrane (Fig. 106). 
After the operated animal recovered it was 
possible to observe the secretion of pure gastric 
juice from the pouch which retained its usual 
innervation. The function of the stomach is not 
affected to any appreciable extent since the sur- 
face of the mucous membrane of the pouch does 
not ordinarily exceed one-tenth to one-fifleenth of 
the total mucous membrane of the stomach. Numer- 
ous tests have shown that the pouch retaining the 
innervation and nourishment through the nerves 
and vessels, which run to it in the submucous mem- 
brane, exactly reflects the work of the stomach. 
The pouch was shaped from the large curvature 
of the stomach, as well as from its pyloric part. A 
pouch from a strip of tissue of the lesser curvature 
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and another pouch from a strip of tissue of the greater curvature 
were formed in the same dog recently after Pavlov's method in the 
laboratory headed by Bykov. On animals operated in this manner it is pos- 
sible to observe the secretion of the glands located in different regions of 
the mucosa and to study the interrelation of the secretory activity of the 
different parts of the stomach. 

Pavlov’s operation of the pouch is a masterpicce of sureical art connected 
with physiological experiments. This methed of studying the secretion of 
the gastric glands is still the most perfect in our country and in all the 
laboratories of the world. 

To secure gastric juice and study the process of secretion a rubber tube 
is inserted through the oesophagus (swallowed). The stomach content is 
pumped through the tube either once after the test meal (for example. 
Boas-Ewald’s breakfast—50 gr. of dry bread in a glass of tea without sugar) 
or repeatedly for 2 to 3 hours after placing some stimulant (broth, vege- 
table juice, a weak alcohol solution, or a 5 per cent solution of caffeine) 
into the stomach through a tube. 

Pure human gastric juice without admixtures can be secured by me- 
chanical stimulation of the stomach wall. A double tube is inserted into 
the stomach for this purpose (Fig. 107). The external tube is topped by a 
spherical rubber balloon, which mechanically stimulates the stomach by 
inflation; the secreted pure gastric juice is pumped out through the inner 
tube. This method, developed in Bykov's laboratory, makes it possible 
to secure obout 100 to 300 ml. and even 1,000 ml. of pure juice in 2 hours 
and io watch the entire process of its secretion. The perfection of this 
method has, of late, enabled investigators to determine the secretory and 
motor functions of the human stomach, which is of great importance in 
diagnosing the disorders of the digestive organs (Kurtsin). 


Composition of Gastric Juice 


Pure gastric juice of man and animals (dog, cat) is a colourless, trans- 
parent liquid of an acid reaction (pH = 0.8 to 1.0) due to the hydrochloric 
acid it contains (0.2 to 0.5 per cent). It has a low specific gravity (1.0083 to 
1.0086 in man). Gastric juice contains a small amount of mucus, which 
varies with the stimulus causing its sceretion. 

Of inorganic constituents gastric juice contains, primarily. potassium 
chloride and sodium chloride; it also contains ammonium chloride and a 
small amount of phosphates, sulphates, Mg and Ca. Traces of thiocyanic 
compounds are found in the human gastric juice. 


The organic constituents of gastric juice are, primarily, protein compounds and 
small amounts of lactic acid, glucose, creatine, phosphoric and adenosine phosphoric 
acid, urea and uric acid. These compounds are products formed during the normal 
secretion of gastric juice (Vasyutochkin) rather than products of fermentation. 


The protein part of the organic substances in the gastric juice is com- 
posed mainly of enzymes, the most important of which is pepsin, which 
converts the proteins into albumoses and peptones. The chief cells of the 
gastric mucosa produce pepsin in an inactive (zymogenous) state; pepsin 
becomes active only in the presence of an acid. In an alkaline medium pep- 
sin is totally inactive. The content of pepsin in gastric juice is determined 
by its action on proteins; the method developed by Mett in Pavlov’s labo- 
ratory (Mett’s tubes) is often used for this purpose. 
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In addition to pepsin the gastric juice in young individuals also contains 
rennin—chymosin; this enzyme curdles milk in acid, neutral and alkaline 
media. Pavlov ascertained that in the gastric juice of an adult organism 
it was not chymosin but pepsin that curdled the milk. 

The third enzyme in the gastric juice is lipase. Under the action of lipase 
the neutral fats are split up into fatty acids and glycerol. Lipolytic action 
in the stomach of adults is weak, while in sucklings this process is of great 
importance. Lipolytic enzymes brought from the intestines may act in the 
contents of the stomach. 





Fig. 107. Double stomach tube for collecting gastric Juice secreted in response to 
mechanical stimulation of stomach. 

[nner tube ah serves to collect: secreted gastrice juice (rough opening b). Through outer tube ed 

air pumped by syringe (1) entera and inflates balloon (TE inserfad in stomach (after 1. Kurtsin). 


Owing to an abundance of hydrochloric acid gastric juice has bactericidal 
properties. 

The hydrochloric acid of the gastric juice is secreted by the cells of the 
mucous membrane of the stomach in a rather constant concentration. 
though the juice, which flows to the exterior, differs in its hydrochloric 
acid content. This, as the experiments in Pavlov’s laboratory have shown, 
depends on the different rates of secretion. When secreted slowly, the 
gastric juice is in large measure neutralized by alkaline mucus, which is 
secreted by the accessory cells in the mucous membrane of the stomach; in 
rapid secretion it is hardly neutralized at all. It is not improbable that the 
HCl content is also regulated in the very course of the secretory process 
in the various glandular cells. 

The mucous membrane of the lesser curvature produces a juice which 
has a stronger converting effect on proteins than that secreted by the 
cells of the greater curvature. 

The pyloric juice, which has an alkaline reaction (pH = 7.8 to 8.4) and 
an inactive pepsin (at the above pH) digests proteins only if a 0.2 to 0.5 per 
cent solution of hydrochloric or some other acid is added. The digestive 
power of this juice is low, and the little clots of mucus in it contain more 
enzymes than the liquid part of the juice. 
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Gastric juice digests various tissucs including the excised wall of the 
stomach. It is not yet clear why the wall of the stomach is not digested by 
the gastric juice it secretes. There are several views in reference to this: 
some believe the mucus, lining the stomach wall, to be a protective coat- 
ing; according to others the blood circulating through the glands, being of 
an alkaline reaction, prevents the action of pepsin; still others think there 
is an enzyme—antipepsin—in the walls of the stomach, which paralyzes 
the action of pepsin. It is also possible that normally the gastric juice does 
not act on the mucous membrane because in the lipoids of the cell mem- 
brane hydrochloric acid, which activates pepsin, is in a weakly dissociated 
state and becomes strongly dissociated only in a water solution. 


The question why Lhe stomach wall is not digested by the gastric juice is very essen- 
tial, because its solution would help in the study of ulcers, which arise when the 
normal activity of the glandular apparatus in some portion of the stomach (most fre- 
quently in the lesser curvature) is impaired. The glands work under the influence of 
nerve stimuli, which originate in both the lower and higher divisions of the central 
nervous system as a reaction to the stimulation of the receptors located in the organs 
uf the digestive tract (interoceptors) and of the innumerable extcroceptors (eye, ear, 
nose, skin, ctc.). An impairment of this complex regulating apparatus of the stomach, 
mainly of its most excitable portion—the central nervous system—leads to disorders of 
the secretory process. Thus most of the pathological processes in the activity of the 
secretory and motor apparatus of the stomach arise. Derangements in the work of the 
glands are attended by disorders of the supply of the glands with nutritive materials 
owing, to changes in the blood and lymphatic vessels. 


Secretion of Gastric Juice 


Pavlov ascertained that the glands of the stomach did not work inces- 
santly, but only under the influence of special stimuli. Some investigators 
found juice also in an empty stomach under laboratory conditions and in 
the clinic without the use of any stimuli, but a thorough check-up on 
these observations led to the conviction that the so-called “spontaneous 
secretion’’ was caused either by the action of stimuli in some way con- 
nected with eating, or by a secretion connected with a stimulation of the 
mechanoreceptors of the stomach, or, finally, by a secretion resulting from 
products formed in various pathological changes in the organism, for 
example, an abscess, osteomyclitis and other diseases (investigations of 
I. Razenkov’s laboratory). 

The reaction of the stomach content in the absence of a stimulus, which 
causes secretion, is usually alkaline due to the mucus constantly secreted 
by the accessory cells of the gastric glands. Intestinal juices and content, 
regurgitated here from the duodenum, arc nearly always found in the 
stomach contents secured through a tube. 

The agent, which causes secretion of gastric juice, is, primarily, a 
complex of stimuli, connecled with the act of eating, i.e., stimulation of 
the receptors in the oral cavity and the receptors stimulated by the natural 
conditioned stimuli (sight and smell of food, etc.). It is very easy to 
ascertain that the act of eating causes secretion of the gastric glands 
independently of the food getting into the stomach by registering the 
gastric juice secretion in “sham feeding” of an oesophagotomized dog 
whose food does not get into the stomach. In sham feeding, as well as 
in ordinary eating, secretion of gastric juice begins 5 to 6 minutes after 
the animal is fed or is teased by the sight or smell of the food. This period 
between the action of the food stimulus and the beginning of secretion is 
usually called the latent period of gastric secretion. 
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Once begun, juice secretion rapidly increases and reaches its maximum 
within the first or second quarter of an hour alter eating. The course of 
juice secretion corresponds to the kind of food consumed. If the animal is 
given 200 gr. of raw meat, or 200 gr. of white bread, or 600 ml. of milk, it 

is easy to sec that each kind 
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Fig. 109. Fluctaations in digestive power of gastric juice by 
the hour. 

According to Mett's method the digestive power of the juice is expressed in 

millimetres: of digested protein inserted in Metta tubes (after 1. Pavlov). 


after bread, and 6 hours after milk (Fig. 108). The greatest amount of juice 
is secreted after ingesiion of meat, and much Jess after bread and milk. 
The acidity of the juice varies with its amount. 

Each type of food stimulates secretion of a corresponding juice with 
a definite digestive power (Fig. 109). 
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The curve of juice secretion from a Pavlov pouch in the lesser curvature 
runs a peculiar course (Fig. 108 b). 

The dependence of the secretion of gastric juice on the type of stimulus 
may be expressed in a table showing the influence of various foods on 
the different aspects of gastric secretion (Table 10). 

The amount of juice secreted during the entire secretory period, when 
the same kind of food is eaten, is directly proportional to the amount of 
food consumed; if the amount of food be doubled the amount of juice 
secreted also doubles. The time the food stays in the stomach is appro- 
ximatcly proportional to the square root of the amount of food. 


Table 10 
Amount of juice Acidity of juice Digestive power Duration of juive 
oF jujes sceretion 
After meat more After meat higher © After bread greater Aier bread longer 
than after bread than after milk ` thae after mem than after ment 
After bread more After milk higher | After meat greater After meat longer 
than after milk than after breud than after milk than after milk 
Afteranilklessthan After brend lower After silk desser After milk shorter 
aer meat or than after ment than after bread than after bread 
bread or milk or meat or meat 


Mechanism of Gastric Juice Secretion 
Complex-Refiex Phase of Gastric Secretion 


The foregoing figures and curves showing the course of the secretion 
of gastric glands when different foods are ingested require an analvsis of 
the mechanism which conditions gastric secretion. The point of departure 
for the understanding of this mechanism should be the abundant secretion 
of gastric juice in sham feeding. i.c.. during the stimulation of the recep- 
tors in the oral cavity and the pharynx by foods (the food does not reach 
the stomach, because its pieces drop out through the cut in the veso- 
phagus). In addition to the receptors in the oral cavity and the pharynx 
the olfactory and visual receptors are also stimulated during eating. 
Abundant secrction of gastric juice by stimulation of the oral cavity 
with food during iis mastication and deglutition has also been demon- 
strated in people in whom gastric fistulas were made to ensure feeding 
because of oesophageal stricture. If such people masticate and swallow 
food, which is cjected before reaching the stomach, a considerable amount 
of pure gastric juice is secreted (up to 100 ml. per hour). 

The secretion of gastric juice as a result of the stimulation of the recep- 
tors in the oral cavity in the act of eating is an unconditioned reflex, but 
conditioned reflexes, connected with the action of food on the taste, olfac- 
tory, visual and other receptors, also manifest themselves at the same time. 
This shows that the secretion of gastric juice (like all the usual reflex 
phenomena) is a complex-refiex act, i.e., a combination of conditioned and 
unconditioned reflexes. This phase of gastric juice secretion is, therefore, 
designated as the complex-reflex phasc. 

The efferent fibres, which innervate the gastric glands, run in the trunk 
of the vagus. After both vagi in the neck are cut juice secretion in 
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the stomach during sham feeding ceases. But the stimulation of the vagus 
in an acute experiment causes, as Pavlov ascertained, abundant secretion 
of the gastric glands. It follows that secretion of gastric juice as a result 
of the stimulation of the receptors in the oral cavity with food is an 
unconditioned reflex, whose reflex arc is composed of: a) receptors in the 
oral cavily and other receptors, b) alferent fibres running from these 
receptors as part of lingual, glossopharingeal, superior laryngeal nerves and 
other afferent conductors, c) reflex centre in the region of the medulla 
oblongata and centres located higher, including the cerebral cortex, and 
d) efferent parasympathetic fibres running in 
the trunk of the vagi and stopping at the 
ganglionic cells located in the wall of the 
stomach (Auerbach’s plexus). 

Secretory fibres to the gastric glands also 
run as part of the splanchnic nerve; they are 
sympathetic fibres. Their stimulation in an 
acule experiment causes little secretion of the 
gastric glands (Y.Volborth). Cutting the 
sympathetic fibres, however, does not appre- 
ciably alfect gastric secretion, but, if the vagi 
are cut, these fibres are not enough to ensure 
normal secretion of the gastric glands in the act 

5 Feld aad MIS of eating. Cutting the splanchnic nerves sharply 
$ affects the production of mucus in the stomach, 
Fig. 110. Curve of secretion of which is increased not only in the accessory 
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reflex, caused by the stimulation of the oral 
cavity, involving the cerebral cortex. Gasuric juice secreted at the sight 
and smell of food, under the action of food signals in general, is often 
termed “trigger juice” because it can be secreted even before food is taken. Its 
amount and acidity are somewhat lower than in the secretion caused by food. 

Juice secretion in the stomach during the complex-retlex phase can be 
easily inhibited, for example, by pain stimuli. 

Second phase of gastric juice secretion (influence of mechanical stimu- 
lation on gastric secretion). The question whether the mechanical factor 
was a stimulus of the gastric glands was debated for a long time. By pumping 
juice from an empty stomach through a tube some physiologists and many 
clinicists pointed out.the importance of mechanical stimulation in excit- 
ing the glands of the stomach. Pavlov disputed this fact at first, bul 
S.Chechulin showed on dogs and later Kurtsin and Slupsky demonstrated 
by observation of people that the mechanical stimulation of the mucous 
membrane of the stomach caused the gastric glands to act. Inflation of a 
small balloon (of thin rubber), inserted into the human stomach, produces 
abundant secretion of gastric juice approximately 5 minutes after the 
mechanical stimulation is started (see Fig.110). The secretion of juice 
begins immediately with a sharp rise of the curve and remains on a high 
level as long as the balloon is inflated. As soon as the balloon is deflated 
secretion of the juice rapidly decreases. If a person is shown palatable food 
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and at the same time the balloon, inserted into his stomach beforehand, is 
inflated, the amount of gastric juice secreted will be much greater than 
that secreted when only the food is shown. Apparently, when the food 
is shown and the balloon is inserted a complex of stimuli comes into play 
from the receptors of sight and smell and the receptors in the wall of 
the stomach. 

Chechulin has shown that the secretion of gastric glands in response to 
mechanical stimulation of the mucous membrane is caused reflexly owing 
to the excitation of the receptor apparatus located deep in the wall of the 
stomach. The efferent fibres starting the secretion in response to the stimu- 
lation of these receptors run in the trunk of the vagi. 

During sleep and under anaesthesia mechanical stimulation of the 
stomach causes much lesser secretion of the gastric glands than in the 
waking state. It may be assumed that stimulation of the interoceptors 
of the stomach not only provokes the unconditioned reflex. because the 
excitation of the afferent paths is transmitted to the cell bodies of the 
efferent neurons of the vagi in the medulla oblongata, but also acts as a 
signal of the unconditioned reflex which is always caused by the act of 
eating. Hence, in mechanical stimulation the excitation of the glands may 
also be considered a complex-reflex act, which includes both the uncon- 
ditioned and conditioned reflexes. 

It follows that another powerful stimulus of a reflex nature is added to 
the stimuli in the act of eating—the mechanical stimulation resulting from 
filling the stomach with food of different consistency and volume. 

Properties of the glands of the lesser curvature of the stomach. Secretion 
in the Pavlov pouch formed from a strip of tissue of the lesser curvature 
and retaining the innervation begins and ends quicker than the secretion 
of the cells of the greater curvature (Bykov's laboratory). The juice of 
the lesser curvature contains more cnzymes. Apparently, the secretory 
process in the stomach always begins in the glands of the lesser curvature 
and then spreads to the other portions of the mucous membrane. The lesser 
curvature may, in this respect, be considercd the leading part in the 
secretory apparatus of the stomach. This also corresponds to the 
data of a morphological investigation (laboratory headed by Razenkov), 
which show maximal changes in the structure of the glandular cells after 
sustained secretion (in sham feeding) precisely in the glands of the lesser 
curvature. These changes are expressed mainly in loss of the granules by 
the cells. 


Chemical Stimuli of Gastric Secretion 


In addition to mechanical stimulation the glands of the stomach are also 
stimulated by chemical agents contained in the foods or produced by them 
during digestion and their subsequent entrance into the blood. 

The existence of chemical agents, which stimulate secretion in the 
stomach, is proved by the fact that insertion of meat and other substances 
directly into the stomach causes juice to be secreted, though this occurs 
much later (30 to 60 minutes later). Since stimulation of the receptors in 
the oral cavity and the action of conditioned food stimuli are absolutely 
excluded and since this secretion is observed also in a denervated stomach. 
it must be assumed that secretion of the juice is caused here by some 
chemical agents, apparently, acting through the blood. primarily, on the 
nervous apparatus of the secretory cells themselves. 
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Secretion of gastric juice under th: action of chemical stimuli results 
when a number of food substances enter the stomach, namely: 1) products 
of the digestion of proteins (peptones), 2) extractive (i-e., water soluble) 
substances contained in meat and vegetables, and 3) weak alcoholic solu- 
tion. A small amount of gastric juice is secreted when water, saliva, bile 
and weak solutions of acids enter the stomach. Strong meat, fish and 
vegetable broths produce the strongest juice-secreting action of all the 
food substances which contain chemical stimuli. 

The chemical stimuli act as follows: when the above-mentioned sub- 
slances enter the stomach some compounds enter the blood and, brought 
with it to the neuroglandular apparatus of the stomach, stimulate the latter. 
The nature of these substances, which act in a humoral way, is not quite 
clear. Razenkov has shown that it is enough to inject the blood of a fed dog 
into the blood of a hungry dog to cause gastric secretion in the latter. 
Razenkov, therefore. believes that the products of digestion of the food 
substances, which entered the blood. are capable of stimulating the gastric 
glands. It is quite probable that histamine plays a big part. This assump- 
tion is based on the fact that injection of histamine into the blood causes 
very strong gastric secretion (1 to 1.5 mg. of histamine is sufficient for 
man). It is possible that histamine is formed in the stomach at the endings 
of the vagus. It should be noted that the stomach is the only organ where 
there is no histaminase, the enzyme which splits up histamine. 

There are also indications that the wall of the pyloric antrum produces 
gastrin, a special compound of a polypeptide nature. when acted upon by 
substances which are chemical stimuli of gastric secretion; this compound. 
brought to the gastric glands with the blood. stimulates them. It is impor- 
tant to note in connection with this that, according to the data of Pavlov's 
laboratory, the chemical stimuli of gastric secretion cause the secretion 
only when they act on the mucous membrane of the pyloric antrum. How- 
ever, this problem is not clear yet, because Razenkov found no essential 
changes in gastric secretion after a surgical removal of the pylorus, whereas 
other investigators (V.Savich and Y. Volborth) did find them. A. Solovyov 
has recently obtained facts which show that the chemical stimuli act 
through the nervous apparatus of the stomach. In its turn the local intra- 
mural nervous system of the stomach and the intestines is connected with 
the central nervous system through the vagus and the sympathetic nerves. 

Secretion of gastric juice under the action of chemical agents has long 
since been designated by Pavlov as the neurochemical phase of secretion. 
Since the chemical substances develop their juice-producing action first in 
the pyloric antrum and then in the intestines, Pavlov divided the neuro- 
chemical phase into two phases: the pyloric and the intestinal. The juice 
secreted during the neurochemical phase of gastric secretion has a lesser 
digestive power and a lower acidity than the juice secreted during the 
complex-reflex phase. 


Synthesis of the Juice-Secretion Curve 


Juice secretion in the normal process of digestion is the sum total of 
the influences of various stimuli acting on numerous receptors in which 
conditioned and unconditioned reflexes arise. 

To prove this thesis we may draw the curve of juice secretion from the 
Pavlov pouch when 200 gr. of meat have been eaten (Fig. 111a) and when 


264 


both phases of the secrction are on hand. In another series of experiments 
it is possible separately (Fig. 111 b) to draw a curve of juice secretion after 
placing unnoticeably for the dog 200 gr. of meat into its stomach; then we 
have only the action of the mechanical stimulation of the stomach and the 
second phase of secretion on hand, since the stimulation of the exterocep- 
tors. which are excited in the act of eating, is in this case excluded. 
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Finally. we can draw a curve of juice secretion by a third series of 
experiments in sham feeding, when only the first phase is on hand 
(Fig. 111c). The synthetic curve of juice secretion (Fig. 111d), obtained 
by adding the two last curves together, practically coincides with the 
curve of secretion in meat eating. 


Effect of Fats and Salts on the Activity of the Gastric Glands 


When neutral fat enters the stomach it inhibits the work of the gastric 
plands during the first 2 to 3 hours and causes secretion of a weak digestive 
juice during the subsequent hours (Fig. 112). The inhibiting influence of 
neutral fat on the gastric glands is at times so strong that the fat used 
together with other stimuli almost completely inhibits the secretion for 
some time after the intake of mixed food. However, strong stimuli of 
gastric secretion, such as broth or vegetable juices, can disinhibit the 
depressing effect of the fat (Leporsky, Bykov). 

The depressing effect of the fat cannot. be explained by local causes 
because inhibition of gastric secretion develops only after the fat enters 
the duodenum from the stomach. The inhibiting action of the fat does not 
develop after the vagi are cut (Orbeli and Tonkikh). It Follows that inhibi- 
tion of gastric secretion after an intake of fats is conditioned by a reflex 
from the receptors in the duodenum stimulated by the action of the fat. 
Some authors ascribe the inhibiting effect of fat to a special hormone. If 
such a hormone does exist it, probably, acts through the nervous apparatus 
of the glands. 

The stimulating effect of fat during the second phase of its action must 
be attributed to the products of fat conversion and transformation; in this 
respect glycerol has proved inactive, whereas the fatty acids and the soaps 
stimulate the gastric glands. 
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Solutions of soda, oleic acid, hydrochloric acid in a sufficiently strong 
concentration (more than 0.5 per cent) and strong solutions of salts must 
also be considered as agents inhibiting gastric secretion. All these sub- 
stances (except HCl) depress gastric secretion only when they enter the 
duodenum; the receptor surface here is the mucosa of 
the intestine from which, in these cases, inhibition of 
gastric secretion is caused, whereas hydrochloric acid 
acts from the region of the pyloric antrum. 


Mechanism of Gastric Secretion with Different Kinds 
of Food 


By evaluating the significance of the complex-reflex 
phase, which takes place when various extero- and 
interoceptors are stimulated, it is possible to explain 
the peculiarities of gastric juice secretion after eating 
different kinds of food. The sharp rise of the curves of 
juice secretion during the first hour after eating differ- 
ent kinds of food is conditioned in all cases by the 
action of the stimuli on the receptors in the oral cavity 
and on the receptors in the wall of the stomach. It is 
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probable that when meat is eaten this stimulation is 
stronger, since the latent period in this case is some- 
what shorter and the rise of the curve of juice secretion 
is the steepest. The curve of juice secretion after milk 
is consumed rises slower than when meat or bread are 
eaten because the fat contained in the milk quickly 
inhibits the secretion. 

The subsequent course of juice secretion after the 
consumption of different kinds of food is explained as 
follows. When meat is consumed the appearance in the 
stomach of extractive substances of meat, as well as 
peptones, which were produced by the action of pepsin 


the curve of juice on the proteins, serves as an impctus for the second 
phase, which is strongly pronounced during the second 
and third hours after meat or generally protein food is 
eaten and which gradually fades as the amount of chemical stimuli de- 
creases. When carbohydrate food (bread and other substances) is eaten the 
work of the glands, which vigorously develops under the influence of the 
act of eating, sharply decreases beginning with the second hour after 
eating and remains on a low level for a long time (8 to 9 hours). This is 
explained by the fact that there are very few chemical stimuli in bread 
(these are only the products of digestion of a small amount of proteins con- 
tained in bread). It is very probable that the low secretion for a long 
period after bread is eaten (as well as potatoes and other substances) 
must be ascribed to the mechanical stimulation of the receptors of 
the stomach, the more so since many experiments have ascertained the 
dependence of the nature of the secretion on the physical structure of 
the food substance. Black bread (and large pieces of any food) causes 
more vigorous secretion of gastric juice than finer sorts of bread or better 
ground food. 


The peculiarities of the secretion curve when milk is consumed are 
explained, as has already been said, by the inhibiting action of the fat con- 
tained in the milk. The juice-producing action of the fatty acids, formed 
from the fat, as well as the action of the products of digestion of the milk 
proteins begins, however, during the second or third hour after the con- 
sumption of milk. The inhibiting action of the fats ceases by this time and 
the maximum of secretion is, therefore, observed 3 to 4 hours after the 
consumption of milk. 


Secretion in the Pyloric Region and of Brunner's Glands 
in the Duodenum 


Glands in the pyloric region. These glands secrete juice of a mildly al- 
kaline reaction (about 0.05 per ceni NaHCO,) containing pepsin and 
(according to I. Razenkov) a special glycolytic enzyme which converts 
glycogen into lactic acid. The pyloric glands secrete juice incessantly. The 
mechanical stimulation of the pyloric mucosa increases the activity of its 
glands. The act of cating does not increase the secretion of the pyloric 
glands; on the contrary, in the beginning of the animal's feeding it can be 
observed that the secretion in the pylorus decreases. Secretion of the 
pyloric glands increases when fats act locally on the pyloric wall and is 
inhibited when fats. HCl and fatty acids enter the duodenum. Since HCl 
reflexly shuts off the pylorus when it. enters the duodenum, it may be said 
that the secretion of the pylorus is depressed when the contraction of its 
sphincter separates the pylorus from the intestine. In conformity with 
this the substances. which do not cause the pyloric sphincter to contract. 
do not depress juice secretion from the pyloric glands, but even increase 
it. Such, for example, is the action of soda. 

It is interesting that after the removal of the pyloric part of the stomach 
there is a reorganization in the glands on the bottom and in the body of 
the stomach, characterized by a transformation of the accessory cells into 
cells of pyloric glands and by a formation of mucus in the chief cells. 
On the other hand, when the bottom and the body of the stomach are 
removed the glands of the pyloric division grow extensively and replace, 
as it were, the excised chief cells of the stomach (Lozovsky). This process, 
apparently, corresponds to the changes observed in the pylorus of people 
who suffer from a chronic inflammation of the gastric glands (chronic 
gastritis). 

Secretion of Brunner’s glands. The secretion of Brunner’s glands, located 
in the submucous layer of the upper divisions of the duodenum. resembles 
in its composition that of the pyloric glands. 


The juice of Brunner's glands is a colourless syrupy mass of an alkaline reaction 
with an admixture of mucus. It contains pepsin which acts in a mildly acid medicm. 
Brunncr’s juice acts on proteins, [ats and starch; its digestive power is weaker than 
that of gastric juice. Brunner’s glands secrete juice incessantly, the secretion varying 
with the intake of food or the introduction of certain substances. 


The pyloric juice and the secretion of Brunner’s glands are equally 
important. When rich food, which inhibits the juice secretion in the 
stomach, is consumed the juice of the pyloric and Brunner’s glands, active 
in a mildly acid medium, dissolves the collagen of the connective tissue 
layers which contain the fat of the different foods. 
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Phenomena Attending the Activity of Gastric Glands 


The activity of gastric glands, like that of other glands, is attended by 
a series of concomitant processes in the form of changes in the blood sup- 
ply, appearance of electric currents in the walls of the stomach and by mor- 
phological changes. The work of the secretory cells of the glandular appara- 
tus of the stomach is most closely connected with the general state of the 
body, particularly its chemistry, which depends on the nature of nutrition. 

K. Koshtoyants studied the changes in the secretory work of the gastric 
glands in dogs with Pavlov pouches long kept on different. foods. It turned 
out that when the animals were given food rich in carbohydrates for a 
long time the secretion decreased and the nature of the gastric juice secre- 
tion changed. Contrariwise. when the animal was fed protein-rich food for 
40 to 60 days, the amount of juice increased during the chemical phase: 
the nature of the curve of juice secretion also changed. Similar observa- 
tions were made on people where a dependence of the sceretion on a sus- 
tained monotonous diet was also discovered. These data are important for 
dietetics. 

Secretion diminishes to the point of complete cessation of secretory activ- 
ily when the body is overheated. Gastric juice secretion diminishes during 
considerable muscular effort. Gastric secretion may vary with the activity 
of endocrine glands. It is well known that adrenalin and the hormone 
secreted by the posterior lobe of the hypophysis depress the work of gastric 
glands, whereas the hormone of the thyroid gland, on the contrary, inten- 
Sifies it. 

Thus, the endocrine glands, which are themselves stimulated by the nervous 
system, excile the neuroglandular apparatus of the stomach. The effect of adrenalin 
on gastric scerction is discovered. primarily, on a definite secretory field innervated 
chiefly by the sympathetic nervous system, i.e.. the action of adrenalin is felt mainly 
in the larger curvature (Solovyev’s experiments). 

The action of hormones varies with the type of nervous system of the given animal 
or man. The same is true of other chemical stimuli used us medicines. 

In different discases not directly connected with the gastrointestinal tract the activ- 
ity of the gastric glands may considerably vary with changes in body temperature 
concomitant with these diseases and with the products of altered metabolism. 


It has been shown in the laboratory headed by I. Razenkov that the 
digestive glands. including the glands of the stomach, secrete protein sub- 
stances, which after subsequent conversion are absorbed in the intestines 
and are used for the building of cells and tissues of vitally important 
organs, Participation of digestive glands in intermediate metabolism forms 
a new aspect in the activity of the digestive apparatus. This process is 
particularly manifest in prolonged starvation. 

Secretion of gastric juice influences the chemistry of the body in genera), 
since the secretion of the glands of the fundus and the lesser curvature of 
the stomach leads to the elimination of the acid products from the organ- 
ism. The blood of the animal or man acquires vasodilating properties dur- 
ing digestion (I. Razenkov). 


Water and the Activity of Gastric Glands 
Water is a weak stimulant of the gastric glands. At the same time it must 
be borne in mind that the activity of the gastric glands, like that of other 
glands, requires that water and salts be supplied by the blood. 
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In the therapy of many diseases of the gastric glands, as well as in everyday life, 
mineral waters are used for drinking; these waters contain salis and gases in much 
greater amounts thun ordinary drinking water. The salis and gases of the mineral 
waters considerably affect the secretion of the gastric glands, almost always inten- 
sifying their work if the mineral water is taken simultancously with the meal or 
immediately preceding the meal, and depressing the seerction of the glands if the 
mineral water is taken half an hour or an hour before the meal. 

Mineral water acts on gastric secretion reflexly both during the first and second 
phases of the secretion. 


Movements of the Stomach 


The walls of the stomach contain thick layers of smooth muscle fibres 
distributed in three directions—circular. transverse and oblique. At the 
pyloric end there is a powerful circular layer of muscle, which forms the 
locking pyloric sphincter. Where the body of the stomach merges into the 
pyloric part there is also a thickened layer of circular muscular libres (the 
prepyloric sphincter), whose contractions separate the cavity of the fundus 
of the stomach from the pylorus. The Auerbach and Meissner plexes, which 
are connected with the nerve centres through the vagus and the sympathetic 
nerves, are located in the muscle layers and in the submucous layer. 

We can record the movements of stomach with the aid of a thin 
rubber balloon filled with air or water, inserted into the stomach and con- 
nected with a recording device through a manometer (Fig. 113). 

An important. method used in the study of the stomach movements con- 
sists in X-ray observation of the contours of the stomach filled with a con- 
trasting substance. The contours of the stomach are clearly seen and can 
be photographed (Fig. 114). Roentgenographic techniques make it possible 
not only to observe the movements of the stomach, but also to study the 
relief of the [olds of the mucosa. The relief of these folds changes with the 
contraction of the muscularis mucosae. 





Fig. 112. Diagram of method used in recording zastrie move- 
ments in man. 


During contraction of the smooth muscles of the stomach a pressure 
develops in its cavity, reaching 140 mm. Hg in its pyloric part, where the 
muscles are stronger, and 40 mm. in the regions of its fundus and body. 

Two types of gastric movements are distinguished: the periodic, condi- 
tioned by the contractions of the smooth muscles alternating with their 
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relaxations, and tonic, characterized by protracted shortenings of the same 
muscles. In the former case the record curve of the gastric movements 
(Fig. 115) shows more or less large and frequent waves; in the latter case, 
the whole record curve is skewed upward where it remains on the same 
level for a long time. 

The periodic (wavelike) movements of the stomach usually begin in its 
cardiac portion where the muscles are relatively stronger. These movements 
spread over the larger and lesser curvatures in the following manner: when 

contraction occurs at one point, the neighbouring 

Z point relaxes. Under certain conditions the contrac- 

tions in the prepyloric part are so strong that the 

entire pyloric region, as was pointed out above. is 
sealed off from the rest of the stomach. 


—\ 





Fig. 115. Record of gastrice movements 
in man. 
marks the time (1 second). 


Fig. 114. Normal shape 
of human stomach (radio- 
graph) (after Cannon). 


Lower lin 

Solid food lies for some time (2 to 3 hours) in layers piled on each other 
(Fig. 116). It begins to mix only after prolonged action of the gastric juice 
Due to the sustained tonic contraction of the stomach muscles the pressure 
in the fundus remains nearly constant whatever the degree of the stomach 
repletion. Weak, wavelike movements begin 20 to 30 minutes after the 
stomach is filled; the waves of contraction start in the cardiac part and at 
the bottom of the stomach and spread to the pylorus. These weak contrac- 
tions and tonic tensions suffice to move the contents of the stcmach cavity 
to the pylorus. especially because of the strong wavelike movements in the 
antrum directed towards the pylorus and repeated at definite intervals. A 
small fissure (sulcus gastricus) is formed in the 
lesser curvature when the muscle fibres con- 
tract at the time the food enters the stomach; 
at this time the pylorus comes closer to the 
cardia. Owing to this the swallowed liquid 
substances can, in a certain measure, pass 
through the relaxed pylorus directly into the 
intestine. 

The pyloric sphincter opens because the 
tonus of the pyloric muscles, which are usu- 
ally in a state of constant tonic tension, re- 





Fig. 116. Distribution of food 
layers in the dog’s stoinach 3 
hours after feeding (frontal rev- 
tion) (after Ellenberger and 
Schounert). 
1. -first portion of consumed food; 
Z- second portion of fuod; 3- third 
portion; ¢ food passed into pylorus. 


laxes. The stimuli which cause the opening 
and closing of the pyloric sphincter come both 
from the stomach and the duodenum. When 
the acidity of the gastric contents reaches a 
certain degree the sphincter opens and part of 
the chyme is forced into the intestine. The 
acid mass, getting into the intestine, mechan- 


270 


ically distends the duodenum. The sphincter stays closed until the hydro- 
chloric acid in the gastric contents is neutralized in the duodenum by 
alkaline secretions, mainly the secretion of the pancreas, and until the 
greater part of the mass, which entered the intestine, moves further down. 

It must not be thought, however, that the sphincter opens only when the 
chyme in the duodenum has been fully alkalized. It is well known that the 
acid chyme takes long to neutralize, while the emptying of the stomach 
does not stop with the evacuation of only one portion of its contents; when 
the acid of the stomach reaches a certain stage of concentration it causes 
the pyloric sphincter to open reflexly. In an exactly similar manner, when 
the chyme in the duodenum reaches a certain degree of neutralization the 
sphincter opens. 


In addition to acidity, the mucous membrane is also acted upon by other proper- 
ties of the food: its consistency, temperature and gas content. (for example, CO.). 
When the food is dense and is slowly digested in the stomach it takes relatively long 
before the first portion enters the intestine from the stomach, following which the 
pylorus opens periodically and new portions of the food enter the duodenum. When 
the food is liquid or very thin it begins to puss into the intestine within a few 
minutes after its consumption. [n this cuse the stomach empties at brief intervals 
and the chyme enters the intestine in spurts. Liquids may enter the intestine un- 
changed in the stomach; warm liquids pass quicker than cold ones. Carbohydrate 
food passes into the intestine the fastest; an admixture of proteins somewhat retards 
it. Fat food is the slowest to enter the duodenum, whercas milk and dairy food pass 
out of the stomach very rapidly (dairy food passes from the stomach into the intes- 
tine in large masses). The rapid movement of milk and dairy products is duc to the 
lactose they contain, which increases the peristalsis of the intestines. 


The muscles of the stomach, like those of the intestines (page 290), are 
capable of contracting for some time after being removed from the body, 
i.c., when completely severed from the nerve centres. In this case the mus- 
cles contract under the influence of the stimuli of the nervous apparatus, 
contained in the stomach itself. 

The efferent nerves carry to the stomach impulses which stimulate and 
regulate its work. These impulses are conducted along fibres of the vagus 
and the sympathetic nerves. The fibres of the vagi carry to the muscles of 
the stomach mainly exciting impulses, while those of the splanchnic nerve 
bring chiefly inhibiting impulses. However, the effect of these impulses also 
depends on the state of the stomach muscles. 


0.5 sec, 
asa 


Fig. 117. Record of efferent impulses from gastrie branches of the splanch- 
nic nerve. 


The afferent impulses from the receptors of the stomach and the duo- 
denum are carried mainly in the trunk of the splanchnic (Fig. 117) and the 
vagus nerves (Delov). The transfer of the afferent impulses, which arise 
during stimulation of the gastric receptors, to the efferent impulses, that 
increase the contractions of the stomach, takes place on the level of the 
medulla oblongata and the corpora quadrigemina. These central apparatus 
are connected with the parts of the cerebrum located higher and involve 
the cerebral cortex. 
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Vigorous movements of the stomaci: begin at the sight or odour of food. 
Conditioned-reflex influences on the gastric movements may be observed 
when temporary bonds are formed on the basis of unconditioned reflexes 
in the act of mastication. Consumption of solid or liquid foods exerts 
different reflex influences on the motoricity of the stomach: conditioned 
reflexes develop, correspondingly, faster or slower. 

Humoral agents also influence the gastric movements. Adrenalin, upon 
entering the blood, inhibits the movements of the stomach: choline and 
acetylcholine stimulate them. 

In ruminants with their four-cavity stomachs the poorly masticated food enters. 
when swallowed, the paunch—the first division of the stomach—whcere it is moistened 
by its contents and from where it is thrown into the oral cavity again some time 
later (30 to 60 minutes). The regurgitated food is remasticated and saturated with 
saliva, This process takes several minutes, afler which the remuslicated food is swal- 
lowed again. Regurgitation and remastication are normal processes in ruminants, but 
in carnivores and in man regurgitation is considered a pathological phenomenon. 


Vomiting 


Vomiting must be considered a physiological process of a protective 
nature, but it may also become a pathological phenomenon. 

It is an act during which the contents of the stomach and partly of the 
intestines are cjected through the ocsophagus into the mouth and then to 
the exterior. This act is accompanied 
by a number of changes in circula- 
tion, respiration and in the muscles. 
Vomiting is preceded and attended 
by a subjective feeling of nausea. 
During the ejection of the gastric 
contents the cardia opens reflexly 
(Fig. 118). Pressure of the abdominal 
muscles and of the diaphragm ejects 
the gastric contents into the oeso- 
phagus, whence the contractions 
of its muscles directed towards the 
pharynx (antiperistalsis) throw them 
into the oral cavity. The naso- 
pharynx and the larynx close, while 
the tongue is not raised, but is, on 
the contrary, drawn downward. The 
mouth opens reflexly. 

Vomiting may be caused by stimu- 
lation of the receptors of the stomach, 
Fig. 118. Curve of vomitive movements. the receptors of the base of the 
Record of movements of stomach (upper tongue, the pharynx, the organs of 
line), duodenum (second line from top), the abdominal cavity, the internal 
small intestine (third line from top). ear, ete. It is provoked either by a 
Lower line marks time (after Y. Babsky). strong mechanical stimulation of the 

corresponding receptors (for exam~ 
ple, strong pressure in the gastric cavity when the stomach is overfilled, 
tickling of the base of the tongue or of the pharynx, tension in the perito- 
neum) or by their stimulation with certain chemicals (usually harmful for 
the organism). Vomiting thus occurs under the action of agents which may 
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hurt the organs of digestion. It also occurs reflexly in various inflamma- 
tions of the abdominal cavity and of the peritoneum. 

In all these cases vomiting is a reflex act. The excitation of the afferent 
paths is transferred to the efferent in the medulla oblongata (a special 
“vomiting centre” in the medulla oblongata has been described). Excitation 
of this centre may also be produced by developing a conditioned reflex as 
a result of combining any indifferent agent with the action of a stimulus 
which causes vomiting (Podkopayev, Krylov). 

A strong concussion of the brain may cause vomiting movements duc 
io the direct stimulation of the nervous centres. Their excitation can also 
be produced by the action of certain chemical substances brought by the 
blood directly to the nerve cells of the vomiting centre. Typical in this re- 
spect is the vomiting which follows an injection of apomorphine into the 
blood or subculaneously; vomiting ensues several minutes after an injection 
of this substance, sometimes repeating several times depending upon the 
fulness of the stomach. 

Vomiting begins during expiration. Increased breathing may stop 
vomiling. 


General Review of Gastric Functions 


In highly organized animals and in man the functions of digesting and 
assimilating the nutritive substances are under the control of the central 
nervous system. 

Subjectively we perccive, for example, the excited state of certain divi- 
sions of the central nervous system as appetite and during the same, bul 
more sharply pronounced states, we feel hunger. 

The secretion of gastric juice in the act of eating and even only in a 
situation in which there is eating (the latter duc to conditioned reflexes 
developed in response to visual, olfactory and auditory stimuli) is at once 
a physiological and a “psychic” act—a special qualitative phenomenon 
experienced subjectively. The physiological process of gastric juice secre- 
tion, as well as the motor processes during food consumption and the sub- 
jectively experienced phenomenon of appetite are, thus, a single material 
process. 

Pavlov disclosed the physiological nature of this most complex phenom- 
enon and showed it was a complex-reflex process, in which, as was 
pointed out above, the higher division of the central nervous system—the 
cerebral cortex—is the first to take part. The laws established by Pavlov 
have been confirmed by the investigations of a number of physiologists and 
clinical workers who have studied the development of the conditioned- 
reflex secretion of gastric Juice in man. 

Pavlov advanced an important hypothesis of objective interpretation of 
the entire complex food reaction in higher animals and in man by his theory 
of a “food centre.” By analogy with the respiratory centre the food centre 
must be conccived as the functional union of all cellular elements in the 
central nervous system, which receive the stimuli connected with the act of 
eating and the digestion of food. All these cellular elements are also inter- 
connected with the groups of nerve cells in the different parts of the cen- 
tral nervous system which send efferent impulses to the working, executive 
organs, the glands and muscles involved in digestion. 

The question is: what stimulates this “food centre” with its numerous 
cell groups? Experience shows that this centre is stimulated, primarily, 


1A a73 


reflexly and also by the chemical stimuli which are carried by the blood 
directly to the nerve cells. 

The food centre can be stimulated and inhibited, both. Clinical 
practice shows frequent variations in appetite, which often decreases and 
is even completely lost. This is always connected with a reduced secretion 
of gastric juice. The cutting of various nerves, precisely like their chemical 
paralysis (for example, novocainization), destroys the unity of the com- 
plex—the secretion of the glands and the feeling of appetite. 

In addition to the external receptor fields in the organs of the mouth, the 
oesophagus and the stomach there is an enormous number of receptor 
apparatus, interoceptors, whose excitation also stimulates the food centre. 
When Pavlov wrote his lectures on the physiology of digestion (1897) he 
still made use of certain psychological ideas and terms. “It can hardly be 
doubted,” he wrote, “that under normal conditions the stomach is also a 
seat of certain sensations, i.e., its internal membrane possesses a certain 
degree of the sense of touch.* We now know definitely that the walls of the 
stomach contain numerous mechano-, thermo- and chemoreceptors (Bykov, 
Chernigovsky, Ivanov et al.). 

Chemical stimuli in the blood may also directly influence the receptor 
cellular apparatus in the central nervous system itself. That is why, for 
example, a protracted monotonous diet, which changes the physicochemical 
composition of the blood in a certain direction, may, for some time, act as 
a stimulus to the “food centre.” 

Changes in the blood chemistry during normal pregnancy may be attended by 
changes in the excitability of the central nervous system, or new stimuli may appear 
which excite and alter the excitability of the nervous apparatus. This was confirmed 
by the study of the secretion of the gastric glands in pregnant dogs. 


The whole complex neurohumoral mechanism of the function of gastric 
glands may also be changed by other excited or inhibited centres so that 
this function is either increased, depressed or completely inhibited. In this 
case we observe complex interactions of two antagonistic processes—stimu- 
lation and inhibition. 

This is particularly true of the complex dynamics of the processes which 
occur in the cerebral cortex. Various unconditioned or conditioned reflex 
processes (especially the latter), strongly pronounced or acting on the 
organism for a long time, may pervert the normal activity of the glandular 
and motor apparatus of the stomach, or impair this activity by changing 
the work of the vascular and lymphatic systems. 


CHAPTER 27 


FUNCTION OF THE PANCREAS 


The food that enters the duodenum from the stomach is subjected to the 
action of digestive juices. Bile and the pancreatic and intestinal juices are 
discharged into the duodenum. 


Structure of the Pancreas 


The pancreas is one of the most important digestive glands. It is located 
alongside the duodenum and two of its ducts (in man and in some animals, 


* I. Pavlov, Complete Works, Vol. II, Book 2, p. 124. 
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for example, in dogs) and sometimes several additional ducts empty their 
secretion into the duodenum. 

Microscopically the pancreas consists of two types of cells: some secrete 
pancreatic digestive juice, others—the cells of the so-called islands of 
Langerhans—secrete a hormone called insulin (p. 424). 

Each cell secrcting pancreatic juice consists of two laycrs: the outer, 
nearly homogeneous, adjoining the membrana propria, and the inner, 
granular, lying next to the alveolar lumen. The nucleus lies on the border 
of these layers. When the gland is inactive the granular layer occupies the 
greater part of the cell. During secretion the granular layer gradually 
diminishes, reverting to the original state after secretion. Cutting the 
nerves which innervate the gland slows down the process of granule accu- 
mulation in its cells, and owing to this the granules are washed out faster 
in the denervated gland than normally. 

The pancreas is abundantly supplied with nerves. It is innervated by the 
vagus and the sympathetic nerves; the glandular cells and the islands of 
Langerhans are innervated separately. 


The branches of the nerves innervating the pancreas anastomouse with the branches 
innervating the adjacent organs. Because of this it is possible to speak of common 
innervation of the stomach, {he duodenum, the pancreas and the liver with its acces- 
sory organs. 

The receptor apparatus of the pancreas is likewise highly developed; this has been 
shown in experiments with stimulation of its receptors (Alexeyev) and in morpholo- 
gical studies (Godinov). 


The ducts of the gland contain bundles of smooth muscle fibres; when 
these fibres contract, the secretion (and the production of the secretion) 
may slow down or temporarily cease completely. The blood and lymph 
supply of the gland is ensured by a large 
number of blood and lymph vessels. During 
the secretion of pancreatic juice the amount 
of blood running through the gland sharply 
increases. 


Collection of Pancreatic Juice 


Pancreatic juice may be obtained in two 
ways: in an acute experiment, in which the 
juice is collected from a canula inserted into 
the duct of the gland after opening the abdom- 
inal cavity, and in a chronic experiment— 
from the pancreatic duct brought to the ex- 
terior of the abdominal wall. Attempts to use 
the latter method had been made for a long 
time, but they were crowned with success 
only in the hands of the great experimenter 
—Pavlov, who developed a method of collect- 
ing pancreatic juice for a long time from a 3 
normal animal completely recovered from Fig. 119. Diagram of operation 
the operation. for creating pancreatic fistula. 

Pavlov’s method consists in the following: a rial sakg rier aa e ler 
small piece of mucous membrane of the intes- pila drawn to skin surface 
tine is excised together with the duct opening (after T. Pavlov). 
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into it; the intestine is sewn up, while the excised section together with the 
orifice of the duct is brought to the exterior and grafted to the abdominal 
skin (Fig. 119). The dog, thus operated, secretes part of the juice, produced 
by the gland, to the exterior, while the other part of the juice enters the 
duodenum through the other duct still connected with the intestine. If the 
dog is properly cared for and big losses 
of the juice are prevented, the animal can 
keep well for a very long time. 

Human pancreatic juice is obtained in 
clinics through a tube inserted into the 
duodenum, but the liquid pumped out ix 
mixed with other secretions which pour 
into the intestine. Several cases of obser- 
vation of people who had pancreatic fistu- 
las have been described. For example, a 
patient, who sccreted pure pancreatic juice 
through a fistula (Fig. 120) was kept under 
observation in 1935 (Bykov and Davydov). 


Composition and Sceretion of Pancreatic 
Juice 


Pure pancreatic juice is a clear colour- 
less liquid of an alkaline reaction whose pH 
varies within the limits of 7.8 to 8.4. 

The solids consist of organic and in- 
organic substances. Proteins form the main 
part of the organic substances; in addition, 
Fig. 120. Chronic pancreatic fistula there is always an admixture of mucous 
in man formed as result of aceiden. Substances sometimes visible to the naked 

tal injury. eye and sometimes dissolved and ob- 

served only after precipitation; the mucous 

substances are partly secreted by the glandules of the duct itself. Of the 

inorganic solids sodium bicarbonate. which is responsible for the alkaline 
reaction of the juice, is the most important. 

The pancreatic juice secreted by the dog in 24 hours contains about 
10 gr. of proteins. The secretion of a large amount of sodium bicarbonate 
with the juice brings alkaline substances to the intestine. When the juice 
is brought to the exterior the acid-base balance of the body alters; the 
pancreas undoubtedly influences the state of this balance. If the animal 
with a pancreatic fistula is given soda the normal acid-base balance may 
be maintained. 

Pancreatic juice contains enzymes which act on proteins, fats and carbo- 
hydrates. Trypsin, a proteolytic enzyme, acts on proteins, lipase or steapsin, 
a lipolytic enzyme, acts on fats, and amylase, an amylolytic enzyme, acts 
on carbohydrates. 

What was formerly called trypsin turned out to be a complex of pro- 
teolytic enzymes consisting of trypsin proper, chemotrypsin and carboxy- 
peptidase. Because of this the pancreatic juice extensively hydrolyzes pro- 
teins. Unlike pepsin it does not convert proteins into peptones, but into 
their end products ready for absorption, i.c., amino acids. 

Trypsin acts in a mildly alkaline, neutral or mildly acid medium. The 





a~ 
ws 


juice collected—without contact with the intestinal papilla—directly from 
the duct of a chronic pancreatic fistula of the dog contains trypsin in an 
inactive state, the so-called trypsinogen. In order that trypsinogen, the 
inactive enzyme produced by the cells of the gland, become active it 
requires the influence of a special cnzyme—enterokinase, contained in the 
intestinal juice (this enzyme, which activates another enzyme, i.e., an 
enzyme of an enzyme, discovered in Pavlov’s laboratory, was the first of 
the substances of analogous action which have become known and which 
have acquired the generic name of kinases). A negligible dose of entero- 
kinase, contained in a very small amount of intestinal juice, suffices to 
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Fig. 12). Seeretion of pancreatic juice in the dog by the bour 
when cating meat, bread and milk (after A. Walther). 


activate large amounts of trypsinogen. The activation of the protein 
enzyme of the pancreatic juice takes place, therefore, immediately upon 
its contact with the wall of the duodenum at the point of the duct’s 
entrance. If the pancreatic juice contains a very large amount of the protein 
enzyme, part of it turns out to be active. In this case its action is aug- 
mented by activation. 

To determine the action of trypsin Mett’s method or titration with for- 
mol of the amide groups, produced by protein conversion, may be used. 

Lipase, the fat enzyme of the pancreatic juice, splits up neutral fat into 
glycerine and fatty acids; the fatty acids form soaps with the juice alkalis. 
Lipase, like trypsin, is secreted by the cells of the pancreas in an absolutely 
or nearly absolutely inactive state. Lipase is activated by the bile saits 
contained in the bile. The addition of intestinal juice to the pancreatic juice 
augments the action of lipase. The pancreatic juice and bile also aid in 
emulsifying fats. The action of lipase, which splits up fats, may be 
measured quantitatively by titration of the fatty acids formed from the 
fat with an alkali. 

Amylase is secreted by the pancreas in an active form and acts vigorously 
on starch changing it through a series of dextrins to maltose; maltose is 
converted by maltase into glucose. 
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Pancreatic juice also contains rennin, maltase, lactase, nuclease (which 
splits up complex proteins—nucleins) and a very small amount of 
erepsin, an cnzyme which splits up albumoses and peptones, but not 
proteins as such, into amino acids. 

Periodicity of secretion. Pancreatic juice is not secreted on an empty 
stomach or in the absence of special stimuli connected with eating. Only 
during the periodic “work” of the gastrointestinal tract in a hungry state 
(p. 299) is some pancreatic juice secreted. Abundant secretion of the juice 
starts within 2 to 3 minutes after the beginning of eating, then it slows 
down for a while, but several minutes later begins to increase again. This 
increase continues for a few hours. It can be observed in dogs with chronic 
fistulas or in patients with the pancreatic juice secreted to the exterior 
that a definite amount of juice is secreted for each kind of food, that the 
secretion is of a characteristic duration and nature and that it produces 
juice of a certain quality. The course of juice secretion is shown in Fig. 121. 

Observations show that the greatest amount of juice in man, as well as 
in dogs, is secreted after carbohydrate food, less after meat food and least 
of all after fats (Table 11). The pancreas of man secretes 1,500 to 2,000 ml. of 
juice in 24 hours. 

Table 11 
Secretion of Pancreatic Juice (in mL) in Man after Eating 
Meat, Bread and Milk 
(by the hour) 





Amount of juico after intake of 


Hours after food | 


minke Meat 200gr, | Bread 400er. | O Milk soumi. 
nnd glans of ten | 
1 5.0 7.8 4.0 
2 i 5.2 5.2 4.0 
3 ! 4.2 r 3.2 i 3.0 
4 2.1 3.4 4.5 
l i : 
Total ........ 16.5 19.6 ; 15.5 


Long-continued consumption of food rich in fats causes the secretion of 
juice gradually to diminish. This is shown in Table 12. 


Table 12 
Pancreatic Secretion (in ml.) in a Fat Dict Continued for 5 Days 
BIE oe ere at ee ee ce 
Period of juice sceretion Ist 24 hrs, 2nd 24 hw. ; 3rd 24hrs. |© dth24hmw. : | 6th 24 bre. 
During the day...... 90.5, B80 ; NOB | 525 | 360 
During the night .... ; 16.0 j 1.9 i 2.0 6.0 | 3.0 
Total for 24 hours ... | 106.5 i 89.9 82.8 


The comparison of the curves of pancreatic and gastric juice secretion, 
when the same foodstuffs are consumed, reveals a great likeness of the 
curves; this alone points to an interrelation in the work of the stomach and 
the pancreas. The given interrelation is conditioned, as we shall later see, 
by the common secreting mechanisms and by the influence of the gastric 
juice on the activity of the pancreas. 
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Nervous Regulation of Pancreatic Secretion 


Pavlov convincingly proved both in acute experiments and on animals 
with a chronic fistula that stimulation of the vagi caused pancreatic secre- 
tion. Taking into consideration the failures of the former investigations 
which were due to the extreme sensitivity of the gland to any disorder in 
circulation, to pain stimuli and to anaesthesia, Pavlov reduced to the 
minimum the stimuli occurring in acute experiments and by stimulating 
the distal end of the severed vagus under these conditions discovered its 
stimulating action on the pancreas. 

Pavlov showed the same thing by stimulating the distal end of the 
vagus cut in the neck 3 to 4 days before the experiment. In this case the 
vasoconstrictor and secrction-inhibiting fibres of the vagi have time to 
degenerate, while the secretory fibres being more resistant, maintain their 
efficiency and, when stimulated. cause the pancreas to secrete. 

This experiment was later reproduced by A. Tonkikh and other investi- 
gators under particularly strict experimental conditions excluding the 
possibility of pancreatic secretion under the influence of the passage of 
gastric juice into the intestine, which is also secreted when the vagi are 
stimulated (see p. 261). 


Two to three minutes pass from the time the vagus is stimulated to the beginning 
of the secretion with an aftereffect observed at the end of the stimulation. Repeated 
stimulation yields a more abundant secretion which begins after a shorter latent 
period. Because of this Pavlov assumed that the vagi carried fbres capable not only 
of stimulating but also of inhibiting the secretion. 


Pancreatic juice secretion after stimulation of the vagus is always scant, 
but the secreted juice is richer in organic substances (7 to 8 per cent) and 
enzymes. The action of the vagi on the secretion of the pancreas generally 
resembles that of the sympathetic nerves on the secretion of the salivary 
glands. Razenkov suggests that the vagus does not have so much to do 
with the secretion of the pancreatic juice as with the accumulation and 
disintegration of the granules in the secretory matcrial of the gland. 

Stimulation of the sympathetic nerve also causes the pancreas to secrete 
juice. 

The action of the secretory fibres on the pancreas is also revealed in 
the experiments with sham feeding conducted on dogs with a chronic 
pancreatic fistula. Under these conditions the secretion of pancreatic juice 
begins much earlier than the secretion of gastric juice. The pancreas starts 
secreting already 2 or 3 minutes after the beginning of sham fceding. 
Bykov and Davydov observed the secretion of pancreatic juice in a man 
with a pancreatic fistula 2 to 3 minutes after they had talked to him about 
eating or showed him a tasty dish. Hence, conditioned-reflex secretion of 
pancreatic juice in man was proved. These cxperiments show that pan- 
creatic juice secretion during the first minutes after feeding is conditioned 
by a reflex mechanism. The reflex impulses arise under the action of food 
stimuli on the same receptors whose stimulation causes all food reflexes. 
In the brain stem the afferent impulses switch over to the fibres of the 
vagi and the sympathetic nerves which innervate the pancreas. 

The other and more intricate mechanism of pancreatic juice secretion 
is the neurohumoral. It was ascertained in Pavlov’s laboratory a long time 
ago that a lot of pancreatic juice is secreted when gastric juice or hydro- 
chloric acid are poured into the duodenum. 
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This phenomenon was formerly explained by the fact that by stimulating 
the sensitive endings located in the intestine hydrochloric acid caused the 
pancreas to secrete juice reflexly. The study of the mechanism of the action 
of hydrochloric acid on pancreatic secretion was continued by Bayliss and 
Starling, British physiologists, who showed in 1902 that the pancreas 
secreted normally even when hydrochloric acid was poured into an isolated 
portion of the intestine which had retained its normal blood supply. 
Injected directly into the blood, hydrochloric acid causes no secretion of 
pancreatic juice. Hence the idea that under the action of the acid on the 
wall of the intestine it forms a special substance, which is absorbed and 
carried by the blood to the glandular apparatus of the pancreas where it 
stimulates secretion. The correctness of this view was proved by the fact 
that it is easy to prepare an extract of the mucous membrane of the 
intestine with a weak solution of HCl which causes an abundant secretion 
of the pancreas when injected into the blood. 

The conclusion was made that abundant juice secretion, when hydro- 
chloric acid and gastric juice, as well as fatty acids and certain other com- 
pounds enter the intestine, is due to the fact that under the action of these 
agents on the wall of the intestine a special substance—secretin—passes 
from the wall of the intestine into the blood. Secretin, a polypeptide pro- 
duced in the mucous membrane of the intestine and carried by the blood 
to the cells of the pancreas, acts on them as a stimulus. By its physiological 
action secretin is a hormone.* i.e., a substance which is formed in a certain 
organ, is carried from it by the blood through the body and acts selectively 
only on a certain organ or on a number of organs. 

If there are no acid or such stimulants of pancreatic secretion as soaps 
and fatty acids, the pancreas does not secrete any juice and, hence, no 
secretin enters the blood. And, since an abundant secretion of the pancreas 
begins when HCI (and certain other substances) enter the intestine, it 
must be assumed that these stimulants of the secretion either ensure the 
formation of secretin in the wall of the intestine or in some way condition 
its passage into the blood. 


Secretin has now been obtained in crystal form; it is also possible to obtain its 
chloride. The molecular weight of secretin is approximately 5,000. Under the influence 
of certain substances, such as alcohol, alkalis and acids in a certain concentration, 
crystal secretin becomes inactive. By its physiological nature secretin is a substance 
which acts selectively on the pancreas, when injected into the blood, and is inert 
when injected subcutaneously or intramuscularly. 


According to the investigations of some authors the effect of secretin 
does not diminish with the denervation of the pancreas and introduction 
of atropine into the blood, since atropine eliminates the effect of excitation 
of the parasympathetic fibres. Truc, it must be observed that it is hardly 
possible completely to denervate such an organ as the pancreas, which 
receives an cnormous number of nervous branches from various sources. 

When the vagi or the sympathetic nerves are stimulated the secretion is 
less abundant than when it is caused by secretin, but in the latter case the 
juice contains less protein and enzymes. An assumption has been made 
that the content of solid organic constituents of pancreatic juice is regu- 
lated by the vagus, while the secretion of the liquid part and the content 
of salts is regulated by secretin. This assumption of a division of a single 


* It was in connection with the discovery of secretin that Starling introduced the 
term “hormone” into physiology. 
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complex process taking place in the same cellular structures cannot be 
accepted since it is based on a narrow analytical approach to a physiological 
process and on data obtained mainly in an acute experiment under arti- 
ficial conditions. Extensive expcrimental material shows that the normal 
secretion is conditioned by a combination of both mechanisms—the nervous 
and the humoral. 

It must be borne in mind, firstly, that the reflex arc involves the humoral 
link and, sccondly, that a chemical or any other stimulus acts on the 
secretory cell through the nervous apparatus and involves the chemical 
transmitters of the stimulation. 

Of great interest in this respect are Solovyov’s experiments repeated in 
the laboratory headed by K. Koshtoyants. These investigations, conducted 
on animals opcrated on by Pavlov’s mcthod, necessitate a reconsideration of 
the humoral theory of Bayliss and Starling. Pavlov always pointed out that 
the nervous system was the main source of stimulation of the pancreas. 
Solovyov showed that switching off the sympathctic nervous system by ergo- 
toxin almost completely depressed the secretion begun in response to the 
introduction of acid into the duodenum. It follows that the secretin, formed 
in the intestine and brought by the blood to the pancreas, acts on the 
secretory apparatus of the gland through the nervous system. The humoral 
mechanism is, thus, not independent or isolated, but is included in the 
Single synergically acting complex neurohumoral regulation. 


Secretion of Pancreatic Juice after Ingestion of Fat 


Of the substances, which upon entering the intestine cause an abundant 
secretion of pancreatic juice, special mention, besides HC], should be made 
of fat; the latter, as we saw it, inhibits the secretion of gastric juice. 

An alkaline reaction in the duodenum may conlinue for a long time 
after consumption of fatty food. Despite this the passage of fat into the 
duodenum causes an abundant secretion of pancreatic juice. The mechanism 
of this juice secretion is not quite clear as yet. No doubt the fatty acids and 
soaps, and, probably, neutral fat lead, like the acids, to secretin pro- 
duction. At the same time the pancreatic juice secreted when fat is intro- 
duced into the intestine is much richer in solids and enzymes than the 
juice secreted after ingestion of acid. If we paralyze with atropine the 
effect produced by stimulation of the parasympathetic nerves the composi- 
tion of the juice secreted after ingestion of fat will be the same as the one 
secreted after acid. 

It is, therefore, probable that fat and fatty acids act on the pancreatic 
secretion in two ways: they stimulate the gland humorally due to the 
formation of secretin and at the samc time by stimulating the receptors of 
the intestine (or, according to Tonkikh’s data, even the pylorus) they act 
on the pancreas refiexly with the reflex influence particularly manifest in 
the nature of the pancreatic secretion. 


Mechanism of Pancreatic Secretion after Ingestion 
of Various Foodstuffs 


Pancreatic secretion begins soon after cating because it is conditioned by 
a reflex from the oral cavity transmitted to the pancreas mainly through 
the vagus. But most important in the total picture of juice secretion is the 
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stimulating action of the secretin formed in the wall of the intestine when 
the hydrochloric acid of the gastric juice enters the intestine. That is 
why the curves of pancreatic secretion repeat somewhat tardily, as it 
were, the curve of gastric secretion. 

With the cessation of gastric secretion no more acid passes into the 
intestine and, hence, there is no secretion of secretin into the blood and 
no secretion of pancreatic juice. For example, secretion of gastric juice 
after eating bread diminishes beginning with the second or third hour, 
and at the same lime a diminution of the pancreatic secretion is observed. 
In addition, the gastric secretion after eating bread is long maintained on 
a low level (8 to 10 hours) and this is also repeated in the curve reflecting 
the pancreatic secretion after cating bread. Gastric secretion after eating 
meat ends, as is well known, sooner than after eating bread; we observe 
the same as regards pancreatic juice secretion. Besides, it is not only the 
duration of the secretion, but also the total amount of the secreted juice 
that is greater after bread than meat eating. The latter is due to the fact 
that the proteins of the meat neutralize the HCl of the gastric juice more 
than do the bread proteins, owing to which the gastric contents, which 
pass into the intestine when bread is caten, have a stronger acid reaction 
than when meat is consumed, and a more acid reaction of the gastric con- 
tents causes the pancreas to secrete a larger amount of juice. 

Secretion of pancreatic juice after drinking milk is conditioned partly 
by the passage of acid into the intestine secreted on the milk in the 
stomach, and partly by the above-considered juice-stimulating (‘“secretin- 
nervous”) action of fats on the secretion of the pancreas. The fatter the 
food and, hence, the greater the inhibition of gastric juice secretion, the 
greater the importance of the mechanism of the stimulating action of 
the fats. 

The enormous significance of hydrochloric acid secreted in the stomach 
as an agent which stimulates the secretion of the pancreas, makes it clear 
why digestion in the intestine is also impaired when the acidity of the 
gastric juice is reduced (achylia). 

lt should be noted here that secretin is also formed when water is introduced into 
the stomach (especially carbonated [CO,] water, or water acidified by some organic 
acids contained in fruits and vegetables). 

Cranberry and lemon juices cause vigorous pancreatic secretion. It is probable that 
other juices of fruits and berries also act similarly when introduced in certain con- 
centrations into the stomach or directly into the intestine. On the contrary, whole. 


undissolved vegetable juices depress the secretion of the pancreas (Leporsky and his 
associates). 


CHAPTER 28 
SECRETION AND EXCRETION OF BILE 


Bile and intestinal juice act on food in close association with pancreatic 
juice. 

Bile is produced in the liver incessantly; this is due to the fact that bile 
production is not only a secretory process, but excretory as well (excre- 
tion of bile pigments and other substances); production of bile already 
begins in the six-month-old embryo with the products of the iron-con- 
taining part of haemoglobin transformed into bile pigments. 

Bile production may sharply decrease (but not discontinue) only in case 
of protracted starvation. 
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The amount of bile secreted in 24 hours varies rather widely, constitut- 
ing 800 to 1,000 ml. in human adults. 

While bile is produced uninterruptedly its passage into the intestine is 
connected with the entrance of food into the alimentary canal. The con- 
tinuously produced bile passes into the bile ducts and the gallbladder. It 
is evacuated into the duodenum through the common bile duct. The topo- 
graphic relations of this duct to the 
liver, the gallbladder, the hepatic ducts 
and the cystic duct are shown in Fig. 122. 

The human gallbladder has a layer of 
muscles consisting of longitudinal and cir- 
cular fibres. The thickness of the muscu- 
lar layer depends on the number of mus- a. ch. 
cle bundles. A thickening of the circular 
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valves. The hepatic and cystic ducts 
have no muscle fibres. In the common duct the muscle fibres are weakly 
developed except in its distal end; the distal end of the common bile duct 
is considerably strengthened by the musculature of the duodenum at its 
entrance into the intestinal wall. At the mouth of the duct, in the papilla 
Vateri, there is a circular locking muscle—the sphincter of Oddi, separated 
from the intestinal wall by connective tissue and connected with it by thin 
muscle fibres. i 

After bile passes from the liver into the bladder it concentrates four- to 
tenfold due to the absorption of the water from the gallbladder into the 
blood. At. this time some of the substances dissolved in the bile are also 
absorbed into the blood. Because of the condensation of the bile the bladder 
can hold ever new portions of it Nowing in from the liver. 

The absorption of water from the bladder is also significant lor the 
equalization of pressure throughout the bile-secreting system. 


Composition and Role of Bile 


Owing to the fact that bile can run from the liver either directly into 
the intestine or first into the gallbladder the intestine sometimes receives 
bile which had for some time accumulated in the bladder—the so-called 
gallbladder bile, and sometimes the bile excreted directly by the liver— 
liver bile. Since gallbladder bile is strongly concentrated it is of much 
darker colour than the liver bile. 

The constituents of bile are bile acids, bile pigments, cholesterol, lecithin, 
mucin and inorganic compounds (salts of sodium, potassium, magnesium, 
calcium, etc.). Various acids have been extracted from the bile of different 
animals; representatives of two groups of bile acids are most frequently 
encountered in the human bile—glycocholic and taurocholic acids. 

Investigations in the laboratory headed by Razenkov (the investigations 
were conducted by the tracer atom method) have shown that phosphorus 
is secreted with bile in much larger quantities than with the other digestive 
juices; the presence of phosphorus compounds in the bile is connected with 
metabolic processes. The excretion of phosphorus from the organism is, 
thus, in large measure connected with the liver. 
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The colour of bile depends on two colouring substances (pigments) It contains: 
bilirubin and biliverdin. The colouring of the bile changes according to whcther the 
golden-yellow bilirubin, or the product of its oxidation—biliverdin—prevails. The 
bile of herbivores is dark green, of carnivorcs—reddish-yellow. Bilirubin is more 
widespread since it is a product of transformation of the haemoglobin of the de- 
stroyed erythrocytes. The pigments of the urine and faeces—urobilinogen and ster- 
cobilinogen—are formed from the bile pigments. 

The role of bile in the digestive process consists in the following: 1) its 
acids activate the lipase of the pancreatic juice and augment the action of 
its proteolytic and aminolytic enzymes; 2) it is capable of dissolving a 
large amount of fatty acids; 3) it aids considerably in maintaining the fats 
in an emulsified state, due to the reduced surface tension, the emulsifica 
tion of the fats making their particles accessible to the action of lipase: 
it thus holds in solution and brings in close mutual contact. fats, fatty acids 
and the lipolytic enzyme; 4) bile is necessary for the absorption of the 
products of fat digestion; 5) along with other digestive juices it neutralizes 
the acid chyme which enters the intestine from the stomach, in connection 
with which the action of pepsin ceases. It. thus prevents the destruction of 
trypsin by pepsin. Even with the acid reaction of the intestinal contents 
bile precipitates the proteins, draws the pepsin away and thus puls an end 
to peptic digestion creating more favourable conditions for tryptic digestion. 

The bile of man and some animals contains a proteolytic and a diastatic 
enzymes, but their action is very weak. It is also believed that. bile influ- 
ences intestinal movements. 


Methods Used in Studying Bile Secretion and Bile Excretion 


A permanent fistula of the gallbladder is used for the study of bile 
secrction. When the fistula is open, practically the entire bile secreted by 
the liver flows out through the bladder. If the excretion of bile into the 
intestine is to be studied a 
permanent fistula is created 
in the bile duct by Pavlov’s 
method. This rncthod essen- 
tially consists in the follow- 
ing: a piece of intestine is ex- 
cised at the point where the 
common duct opens; this 
piece with the orifice of the 
duct is engrafted into the ab- 
dominal wound while the 
intestine is sutured. 

In Pavlov’s laboratory Vol- 
borth proposed to fistulize 
simultaneously the gallblad- 
der and the bile duct to ob- 
serve the sccretion of the 


Fig. 123. Diagram of operation for creating com- bile and its liberation into the 
mon hile duct fistula (afier S. Gorshkova and intestine. 
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formed by the use of the above-mentioned methods. Th i i i 
following: a small portion of the duodenum, excised together with. the chaning of the 
bile duct, is sutured on one side and into the skin wound on the other side (operation 
of the Thiry type, Fig. 123); the integrity of the intestine is restored. Some time later 
a fistula is created in the gallbladder of the same animal. This method of operation 
eliminates the kinking and stretch of the bile duct and completely excludes the 
mechanical obstructions by scars which compress the duct at the point of its entrance 
into the intestine. In addition, the operation makes it possible to retain the normal 
work of the sphincter of Oddi and of the intramural mechanism which is of great 
importance for the evacuation of the bile. f 


Secretion of Bile by the Liver 


Production of bile is, as was stated above, an incessant process, which 
can, however, be intensified by the action of different agents called chola- 
gogues. This increase of bile secretion is observed under the following 
conditions: 

1) when bile acids or bile are introduced into the body (into the blood 
or into the digeslive tract). It is probable that these substances, excreted 
through the liver, stimulate the neuroglandular apparatus of the liver 
while circulating in the blood; 

2) when hydrochloric acid of the gastric juice, acid liquids (for example. 
juices of berries and fruits), egp-yolks, mineral waters and, to a lesser 
extent, water enter the intestine. It is not improbable, though it has not 
vet been definitely proved, that the increased bile secretion caused by the 
action of these agents on the walls of the intestine, is due to the liberation 
of secretin into the blood (p. 280): 

3) when the mechanoreceptors of the stomach are stimulated, which 
warrants the assumption that an unconditioned-reflex increase in bile 
secretion is possible in response lo the filling of the stomach with food. 

Secretion of bile may be intensified not only under the influence of the 
above-mentioned agents, but also by any stimulus used simultaneously 
with cholagogues. In other words, stimulation of bile production may 
involve the cerebral cortex due to the development of a conditioned reflex 
(Rickl, Ivanov et al.). 

The bile secreted by the liver flows down the ducts into the gallbladder 
and if the pressure in the latter does not reach a certain value it does not 
enter the intestine, but concentrates in the bladder. 


Contractions of the Gallbladder 


Outside the periods of digestion the muscles of the gallbladder are 
relaxed with only rhythmic contractions sometimes observed. Strong con- 
tractions of the gallbladder (Fig. 124) are provoked, firstly, by the intake of 
food in the act of eating (and owing to the development of a conditioned 
reflex by all the attending stimuli connected with cating) and. secondly, by 
certain agents, which stimulate the muscles of the gallbladder from the 
intestine. The agents, which cause the bladder to contract, are: 1) yolks, 
2) fat and milk, and 3) products of protein digestion—peptones. Some 
substances, which sharply increase the secretion of bile by the liver. such 
as HCI, bile and water, lead to a relaxation of the gallbladder wall. 

The rhythmic contractions of the gallbladder, once begun under the 
influence of stimuli which entered the intestine, continue for a long time 
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(3 to 4 hours and longer), gradually :ading. The degree of tension of the 
bladder alters along with the rhythmic contractions, i.e., its tonus alters: 
higher tonus is usually attended by an intensification of contractions. 
The movements of the gallbladder are essentially determined by nervous 
influences and are stimulated by fibres of the vagus which are the motor 
fibres for the muscles of the gallbladder. Paralysis of the stimulatory effect 
of the parasympathetic fibres under the action of atropine diminishes the 
contractions of the bladder, while stimulation of the endings of the vagi 
with pilocarpine, as well as the injection of choline and acetylcholine, 





Fig. 124. Rhythmic contractions of gallbladder (upper record); record 
of breathing (middle line): lower line marks time (1 second), 


sharply increases these contractions. Sympathetic fibres, which inhibit the 
muscles of the gallbladder, run in the splanchnic nerve. As usual, adrenalin 
exerts the same influence as the sympathetic nerve: it inhibits the move- 
ments of the gallbladder. 

It is very probable that under normal conditions the distention of the 
gallbladder by stimulating the interoceptors reflexly produces its own con- 
traction. The wall of the gallbladder is also extraordinarily rich in receptor 
nerve endings whose stimulation, if sufficiently strong, causes acute pain. 

There are, apparently, also humoral influences on the muscles of the 
gallbladder. A special hormone—cholecystokinin— has been described; this 
hormone is liberated in the wall of the intestine under the samc con- 
ditions as secretin and stimulates the movements of the gallbladder 
through the blood. 


Passage of Bile into the Intestine 


The passage of bile into the intestine depends on its secretion by the 
liver and on its ejection from the gallbladder by the contractions of the 
latter’s walls. Outside digestion the bile enters the intestine in negligible 
amounts only during the so-called periodic activity of the digestive 
apparatus. 

It has been found that bile can be secreted into the intestine only when 
the pressure in the bile-secreting system reaches a certain value. If there 
is little bile in this system in the beginning of eating its pressure is negli- 
gible and 20 to 30 minutes pass from the moment of eating to the time the 
bile enters the intestine. There is usually always some bile in the gall- 
bladder and it begins to flow into the intestine approximately 8 minutes 
after consumption of meat, 12 minutes after eating bread and 3 minutes 
after drinking milk. If the bile-secreting system be filled artificially the 
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latent period of the bile’s passage into the intestine can be shortened even 
more. Once begun, the flow of bile into the intestine continues for 5 to 
7 hours after consumption of milk or meat and for 8 to 9 hours after eat- 
ing bread. The total amount of bile secreted in response to these stimuli, 
however, is nearly the same; though the secretion following ingestion of 
meat and milk is of a briefer duration, it is more intensive. 

The process of normal digestion involves a coordination of factors, which 
influence the secretion of bile by the liver and the movements of the gall- 
bladder and the ducts. The HCI of the gastric juice, egg-yolk, water and 
bile itself, reabsorbed from the intestine, stimulate the secretion of bile. 
Because of this the bile-secreting system is filled to a greater extent with 
the HC], bile and water, simultaneously leading to a relaxation of the gall- 
bladder. At the same time the act of eating. the fats, egg-yolk and the 
products of protein digestion stimulate the contractions of the bladder. The 
coordination of these stimuli may create the most diverse conditions for 
the passage of the bile into the intestine. After consumption of fats and 
egg-yolk the gallbladder may be entirely free of bile by the time the bile 
enters the intestine. In other cases, especially when large amounts of the 
acid contents of the stomach enter the intestine, certain quantities of bile 
may pass into the gallbladder even before the intensified secretion of bile 
by the liver has ended. 

The condition of the duct muscles and, especially, the sphincter of Oddi 
is undoubtedly important during the passage of bile into the intestine. 
Impulses from the vagus relax this sphincter, while the impulses from the 
sympathetic nerve increase its tonus (the opposite holds true for the gall- 
bladder). The bladder, probably, contracts at the same time as the sphincter 
of Oddi relaxes. The correlation between the production of bile in the 
liver and its liberation into the intestine is very complex and has not yet 
been sufficiently studied. 

The content of solid constituents in the bile depends mainly on how 
long the bile entering the intestine was retained in the biliary passages. 
The longer bile remains in the bladder, the more concentrated it is; but. 
the composition of liver bile also varies with the conditions which cause 
its secretion. 

Comparing the curves of the passage of bile into the intestine with the 
curves of the passage of pancreatic juice we can observe that in most 
cases the secretion of bile and pancreatic juice is synchronous. The signif- 
icance of this relationship consists in creating the conditions for the diges- 
tion and absorption of fats, which necessarily require the passage of bile 
into the intestine. 


CHAPTER 29 


DIGESTION IN THE SMALL AND LARGE INTESTINES 


The food already partly digested in the stomach and in the duodenum, 
i.e., the chyme, enters the small intestine, where it is further digested, and 
thence the large intestine. 

The inner surface of the small intestine is lined with villi, most of which 
are located in its upper segments. Glands of Lieberkiihn, which are tubular 
depressions, open among the villi. Goblet cells, which produce mucus, are 
located in between these glands. There are special secretory cells of Paneth 
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at the bottom of the glands of Lieberktihn. Lymphatic tissue in the intes- 
tinal canal is found in the form of nodular aggregates called Peyer's 
patches. 


Intestinal Juice 


Collection of the juice of the small intestine, and its composition. The 
glands of the small intestine produce intestinal juice which can be collected 
in a chronic experiment from operated animals. In addition, the juice can 
be collected from people with fistulas made for therapeutic purposes. 

The most convenient method of producing intestinal fistulas in animals 
is the method of Thiry-Vella. This method consists in the following: a por- 
tion of the intestine 30 to 40 cm. long is excised while the mesentery of an 
intestinal segment is retained (Fig. 125). Both ends of the excised intestinal 
loop are sewed into the skin wound, whereas the proximal and distal ends 
of the severed intestine are sutured in order to restore the integrity of the 
digestive tract. 

The intestinal juice secreted through the fistula is composed of two parts: 
a denser part, containing clumps of mucus, and a more fluid part. The juice 
has a peculiar odour. Under the microscope the clumps show mucus, cells 
of the intestinal epithelium and cholesterol crystals. The liquid part is 
opalescent. and has an alkaline reaction. 

The intestinal juice contains the following 
enzymes: 

1) erepsin—a complex of proteolytic en- 
zymes which converts albumoses and pepto- 
nes into amino acids, while of the proteins 
they split up only casein; the significance of 
crepsin consists in the fact that it ends the 
conversion of the food proteins begun by 
pepsin and typsin; 

2) enterokinase, the enzyme of enzymes. 
discovered in Pavlov’s laboratory. Entero- 
kinase activates trypsinogen. More entero- 





2 a kinase is secreted in the upper portions of the 
A intestine than in the lower; 
Fig. 125. Chronic intest inal fistu- 3) nuclease—an cnzyme which converts 
la, (afier Thiry-Vella). nucleins—complex protcins; 
O amd Q);—ends of severed: intestine 


sewn into abdominal wall; A--skin 4) lipase of the intestinal juice which is not 
of ubdominul wall; J---reaentery a strong enzyme, but is very stable; 


IIR. HERE AE Dieta A 5) enzymes, which split up carbohydrates, 
«aide bo site entero anustomonix A s y % 
(after Egolnnky j. especially disaccharides—invertase, lactase 


and maltase. 

Secretion of intestinal juice. The intestinal juice of the small intestine is 
secreted in rather large amounts. Nearly two litres of it is secreted in man 
in 24 hours. The juice is not secreted incessantly but in connection with the 
action of stimuli, primarily, under the influence of the mechanical stimula- 
tion of the intestinal wall by the denser parts of the chyme. Vigorous juice 
secretion can be observed in animals with the Thiry-Vella fistula when a 
drain tube is inserted into the opening of the intestinal fistula. Mechanical 
stimulation also causes the intestine of man to secrete. 

In addition to mechanical stimulation, the secretion of intestinal juice 
is also caused by chemical substances, namely, gastric juice, spices, acid 
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solutions, soaps, products of protein conversion, lactose, ether, calomel and 
other substances. 

The juice secreted under the action of chemical stimuli, especially mus- 
tard oil and hydrochloric acid, contains much liquid and little mucus. 
Mucus discharges not only a protective function, as it is believed, but is 
also of importance for the digestion of nutritive materials since it absorbs 
enzymes and other active substances and transfers them to the substratum 
(Brestkin and Bykov, Rick]). 

When fat food is eaten the amount of intcstinal juice secreted in dogs 
is considerably increased (Shepovalnikov). 

The composition of intestinal juice varies with different stimuli. It is 
known that the contact of pancreatic juice with the wall of the intestine 
increases the secretion of enterokinase; the entrance of starchy substances 
increases the amount of amylase in the intestinal juice, while the entrance 
of fats stimulates the secretion of juice rich in lipase. 

Mechanism of secretion of intestinal juice. The cifect of the mechanical 
and chemical stimuli on the intestinal glands is principally due to the local 
influence of these agents on the neuroglandular apparatus of the intestine. 
This is clear from the fact that mechanical stimulation of one intestinal seg- 
ment, which causes intensified secretion of intestinal juice, hardly affects 
the secretion of the segments removed from the point of stimulation. 
Cutting the fibres which run to the intestine, i.e., decentralization, discon- 
nection of the intestine from the nerve centres and the ganglionic struc- 
tures of the abdominal cavity also exerts but little influence on the secre- 
tion of intestinal juice, increasing it only slightly. 

However, there are also central nervous influences on the sccretion of 
intestinal juice. V. Savich assumed the existence of nervous influences 
inhibiting the secretion of the intestine. This is confirmed by a certain in- 
crease in the secretion of intestinal juice observed after denervation of 
the intestinal loop. True, hypersecretion may also be due to hyperaemia of 
the intestine, its increased blood supply after denervation. 

The activity of the intestinal glands is regulated by certain humoral 
agents. Extracts from different organs, particularly the extract from the 
wall of the intestine, increases production of intestinal juice. The intestinal 
juice itself, injected into the blood, stimulates the secretion of the glands of 
Licberkiihn. Some investigators mention the existence of a special hor- 
mone (villikinin) which acts on the villi. 

On the basis of the modern ideas of regulation of all processes occurring 
in the internal organs it must be assumed that the regulation of the secre- 
tion of intestinal juice, like the regulation of the secretion of other diges- 
tive glands, is the result of a synthesis of the local nervous and central 
neurohumoral influences. 

Glands of the large intestine. The composition and the course of secretion 
of the large intestine was studied mainly in Pavlov’s laboratory (N. Stra- 
zhesko et al.) by the fistula method and was supplemented by observations 
of people in whom, as a result of a surgical operation (because of intestinal 
obstruction), an artificial anus (anus praeternaturalis) was made in the 
lower segment of the small or large intestine. 

The juice of the large intestine, like that of the small intestine, consists 
of solid and liquid parts. Since the number of mucous cells prevails in the 
large intestine, its juice contains considerably more mucous clumps than the 
juice of the small intestine. The liquid part of the juice is semitransparent, 
strongly opalescent and alkaline. The solid part, in addition to mucus, con- 
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tains a large amount of bacteria, disintegrated cells (detritus), white blood 
corpuscles and remains of the undigested food. 

The juice of the large intestine contains weak proteolytic enzymes—erep- 
sin and nuclease. The lipolytic action of the juice is very weak; of the 
amylolytic enzymes amylase, maltase and invertase have been found. There 
is no enterokinase. The amount of juice secreted is small: 0.05 to 0.15 ml. of 
juice is secreted in the dog per hour. The secretion of the juice is condi- 
tioned mainly by mechanical stimuli. 


Movements of the Intestines 


The foodstuffs which have entered the intestines remain there for a 
considerable time. In herbivores the chyme may be retained in the intes- 
tines for several days; in man, after eating certain foodstuffs, the remains 
of the digested food may stay in the intestines for more than 24 hours. 

The motor function of the intestines 
is effected by the smooth muscles 
arranged in two laycrs. The outer 
muscle layer consists of fibres ar- 
ranged longitudinally, the inner layer 
is composed of muscles whose fibres 
encircle the lumen of the intestines. 

Various methods are used in the 
study of the intestinal movements: 
1) observation of the intestinal move- 
ments in animals with an open abdo- 
minal cavity immersed in a warm salt. 
bath; 2) observation of the intestinal 
loop brought out surgically under the 
skin; 3) observation through a cellu- 
loid window grafted into the abdomi- 
nal wall; 4) recording the movements 
of the excised intestinal loop placed in 





Fig. 126. Diagram of incthods used in re : : : A 
cording movements of isolated intestine a vessel with Ringer’s solution or the 


7-- portion of intestine fastened io stanchiot solution of Thyrode (Fig. 126); 5) reg- 


f2) in plows (3) tilled with warm Ringer's o istration of the changes of pressure 
Thyrode’s solution; intestinal movements arm : ; . : . a 
transmitted to lever (4) whose oscillations ur ina balloon inserted in the intestine: 

recorded on kymoapraph (5). 6) observation or photography with 


the aid of X-rays after a preliminary 
intake of food mixed with radiopaque substances, for example, BaSO, 
(roentgenugraphy and roentgenoscopy). The last method is widely used for 
diagnostic purposes in man. 
Movements of the small iniestine. The following movements of the intes- 
tine are distinguished: 
a) pendular movements, expressed in rhythmic lengthening and short- 
ening, simultaneously embracing a considerable portion of the intestine; 
b) fluctuations in the tone, as seen in protracted changes in the length 
and the lumen of separate intestinal segments. The tone of the intestine 
conditions at each given moment a definite volume of the intestines. The 
tonic state, peculiar to the intestinal musculature, like the musculature of 
the other abdominal organs (stomach, gallbladder, etc.), is characterized by 
so-called plasticity. This property conditions for a long time not only the 
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distention of the walls, but also of the lumen (the volume) of the intestine 
conformably to the food filling it; 

c) peristaltic movements (Fig. 127) occur in the longitudinal and the 
transverse musculature of the intestine. In these movements the rhythmic 
contractions of the circular muscles lead to a diminution of the intestinal 
lumen at a definite restricted point while the adjacent section relaxes and 
distends at the same time, owing to which the contents of the con- 





Fig. 127. Record of movements of the small intestine in the dog. 


stricted part are pressed out into the distended part. Then comes the con- 
traction of the segment which was in a state of relaxation, while the sub- 
jacent segment relaxes. This alternation of relaxation and contraction 
follows regularly from the duodenum to the large intestine. The contrac- 
tions followed by relaxations spread from the point of their origin along 
the entire intestine or at least over a considerable distance (peristaltic 
waves). These movements 


resemble the movements 

of a rain worm. Once ; 

begun, the peristaltic waves 

follow each other at a def- 

inite rhythm and rate. 2 ŒD € QOO €D) 
If we observe with the j VENA NPN AR, 

aid of X-rays the intestine 

of the cat. or the dog, who J O © © AR a C) €D CAN 

were given bread and milk Vi vi VAs Vy 


with a mixture of barium © €D D C) OOD 


sulphate, we shall note that 4 
at a certain moment the 


-_ 


Fig. 128. Diagram depicting process of rhythinic seg- 


continuous column of the mentation. 
food mass is broken UP Rows 1, 2, J and 4 show sequence of rhytlonic segmentation 
by the movements of the Phenomena in intestine. Dotted lines show bounduvies of dis igion. 


intestine, forming a chain Arrows indicate serial derivation of wgmenta (after W. Cannon), 


at this segment of the in- 

testine. Within the following few seconds each of the links breaks 
in halves and the halves of the two neighbouring segments form a new 
link (Fig. 128). 

This segmentation (Cannon) effected by tonic contractions may spread 
along the entire intestine. Due to this process there is close contact of the 
food mass with the wall of the intestine and its contents; this is also aided 
by the pendular movements which mix the chyme. 

These movements do not, however, cause the chyme to move along the 
intestine, because the chyme column which is rather long or broken up into 
parts can remain in the same intestinal segment for a long time. The food 
mass advances only because of the peristaltic waves which spread along the 
entire intestine or over a considerable portion of it. 
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The peristaltic movements are stimulated mainly by the mechanical stim- 
ulation of the intestinal wall. If the chyme is very poor in solids (in other 
words, if nearly all the solid foodstuffs have been dissolved) the peristalsis 
of the intestine sharply decreases. The significance of bulkage substances 
(mainly cellulose) is that their presence in the chyme considerably increases 
peristalsis. 

Alvarez has shown that the excitability of the intestine directed from the 
stomach to the rectum changes. Excitation arising particularly easily in 
the upper part of the intestine acts as a trigger, as it were, and then the 
tonic tension upon reaching a certain value changes into a peristaltic 
wave. 

The peristaltic wave usually spreads from the oral end to the anal. 
Normally there is no antiperistalsis in the small intestine. If a small portion 
of the animal’s intestine is excised and then sutured in the same place but 
in the reverse direction so that the anal end is closer to the stomach a 
local hindrance arises in the peristalsis, since the peristaltic wave, which 
began higher than the point of operation, cannot spread along the portion 
of intestine sutured in the reverse direction. If such an animal swallows a 
bone with its food it may perish from ileus. 

Peristalsis may proceed for a short time in the opposite direction, from 
the anus to the stomach; this is so-called antiperistalsis, which is observed, 
for example, in vomiting (p. 272). 

Mechanism of motor activity of small intestine. The excised portion of 
the intestine, suspended in Hinger’s solution through which oxygen is 
passed, shows regular rhythmic movements. Like the work of the heart 
the motor activity of the intestine cannot normally be considered auto- 
nomous because in the organism it depends on the rest of the digestive 
apparatus and the body as a whole. 

What elements stimulate intestinal movements? 

If the muscular layer is so dissected as 1o eliminate from it the nervous 
plexus the rhythmic movements (but, apparently, not the peristaltic) can 
still occur for some time and the smooth muscles, deprived of the nerve 
elements, continue to respond to the application of such substances as 
pilocarpine, choline, etc. It could, therefore, be assumed that the muscle 
elements themselves are possessed of automatism. However, it is impossible 
to speak of a neurogenic or myogenic origin of impulses in the rhythmic 
activity of the smooth muscles of the intestine, opposing them to one 
another as mutually exclusive, since its complex neuromuscular apparatus 
works as a Single whole. 

Mechanical stimulation is the primary factor which causes the move- 
ments of the intestinal musculature. Pressing on the intestine or even 
touching it causes contraction at the given point and relaxation in the sub- 
jacent point. Introduction of a bolus of sufficient size into the upper open- 
ing of an isolated portion causes its ejection through the lower opening. 
Chemical stimulation is another factor: entrance of acids of weak concen- 
tration, alkalis and a number of other substances into the intestine causes 
an increase in the peristaltic movements. 

Choline and acetylcholine, the substances formed in the wall of the 
intestine itself, and adrenalin, produced in the adrenal glands, are partic- 
ularly strong chemical stimuli for the muscular apparatus of the in- 
testine. 

Acetylcholine or carbocholine increase the movements of the intestine in 
a solution of 1:105. Adrenalin, on the contrary, depresses peristaltic move- 
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ments and lowers the tone in a solution of 1:106. Acetylcholine and 
adrenalin, as the transmitters of stimulation, in the given case substitute, 
as it were, for the stimulation of the vagi and the sympathetic nerves. 

The movements of the intestine are produced by contraction of the 
longitudinal and circular muscles located under the serous membrane. The 
less powerful layer of muscles—muscularis mucosae—is of importance in 
special stimulations; for example, a pin introduced into the intestine of an 
animal may pass through the entire intestinal canal without injuring its 
wall: stimulation of the intestinc by the point of the pin causes these 
muscles to contract; as a result the pin is placed parallel to the length of the 
intestine and is pushed towards the anal opening. 

The complex movements of the intestine, its peristaltic waves regularly 
running from the stomach to the anal opening are conditioned by a peculiar 
complex nervous apparatus contained in the walls of the intcstine (intra- 
mural innervation) and by influences of the central nervous system (extra- 
mural innervation). 


Regulation of Intestinal Movements 


The movements of the small intestine are dependent on the central ner- 
vous system. Reflex influence regulates the intestinal movements under the 
action of the internal and external environment on the organism. 

Stimulation of the vagus increases the peristaltic waves and raises the 
tone of the intestine (Fig. 129) while stimulation of the splanchnic 
nerve, on the contrary, depresses peristalsis 
and lowers the tone (Fig. 129). This correla- 
tion is dependent on the tone of the intes- 
tinal musculature. 

The fibres of the vagi and the splanchnic 
herve are in a state of lesser or greater 
tonic excitation. Cutting the vagi, there- 
fore, slows down the movements of the 





Fig. 129. Influonco of splanchnic nerve (first, Fig. 130. Patient with extcriorized 

long record) and vagus (sccond, short record) loop of intestine in region of the 

on stimulation of movements of the small intestine  ileocaecal valve (after K. Bykov). 
in the dog. 


intestines, whereas cutting the splanchnic nerve accelerates them: the 
influences accelerating the movements of the intestines are absent in 
the former case, while those inhibiting these movements do not act in 
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the latter case. The intensity of the nervous action on the intestines 
changes reflexly so that stimulation of the afferent fibres (for example, 
stimulation of the sciatic nerve) causes changes in the movements of the 
intestines. Strong stimulation of the afferent fibres usually inhibits these 
movements. The higher regulating apparatus, the cerebral cortex, also in- 
fluences the movements of the intestines. It is possible to develop a con- 
ditioned reflex to the movement of the small intestine brought out under 
the skin in its portion which merges into the large intestine (Fig. 130). The 
influence of the cerebral cortex on the other portions of the small intestine 
is even greater. 


The centres of the vagi and the sympathetic nerve may become excited when adren- 
alin, acetylcholine and other substances enter the blood. Accumulation of CO: in the 
blood at first causes increased peristalsis and evacuation of the contents from the 
small intestine into the large. That is why in death from asphyxiation the small 
intestine is found io be empty, since the content is voided into the large intestine 
during asphyxiation. In various psychic phenomena impulses run from the cerebral 
cortex accelerating or slowing down the movements of the intestines and at the same 
time involving humoral agents. When, for cxample, sufficient quantities of adrenalin 
enter the blood under reflex influence the intestines are sharply inhibited owing tu 
the action of adrenatin on the structures innervated by the nervous apparatus of the 
intestine connected with the splanchnic nerve. 


Movements of the Large Intestine 


The contents of the small intestine pass into the large intestine through 
the ileocaecal sphincter. It was formerly supposed that the ileocaecal sphinc- 
ter admitted the contents of the small intestine into the large purely 
mechanically because of its anatomic structure and prevented the passage 
of the intestinal contents in the opposite direction. It is well known, how- 
ever, that the contents of the small intestine pass into the large only when 
the foodstuffs in the small intestine have been adequately digested. 

Observations conducted in chronic experiments on dogs and on man with 
fistulas of the large intestine give reasons to believe that the mucous 
membrane in the ileocaecal region is not merely a mechanical valve, but a 
complex device which subtly regulates the passage of the contents from 
the ileum into the large intestine. In a patient with a portion of the intes- 
tine consisting of a small segment of the ileum, the caecum and the ascend- 
ing colon brought out to the skin (in the course of surgical treatment) 
mechanical and chemical stimulation of the ileum caused the ileocaecal 
sphincter to close. It should be noted at the same time that the intestine 
reacts differently on both sides of the ileocolic sphincter (observations by 
Bykov and Davydov). When the ileum is stimulated at the point where it 
opens into the caecum the animal or man react strongly by feeling pain, 
whereas stimulation behind the ileocolic sphincter in the beginning of the 
large intestine causes no discomfort at all. Stimulation of the mucosa of the 
intestine near the ileocolic sphincter on the side of the ileum not only 
causes the contraction and closing of the ileocaecal sphincter, but also 
reflexly influences the pyloric sphincter. Mechanical or chemical stimula- 
tion in the region of the ileocolic sphincter on the side of the large intestine 
causes strong movements of this intestine, whereas peristalsis of the small 
intestine almost completely ceases at this time. Upon removal of the 
ee from the large intestine the movements of the small intestine 

gin. 
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Though we have only scant information on the activity of the ileocaecal 
sphincter, it is well known that stimulation of the splanchnic nerve, by 
causing the musculature of the intestines to relax, contrariwise conditions 
a strong contraction of the muscle fibres connected with the ileocaecal 
sphincter. The relation of the vagi to the ileocaecal sphincter has been 
studied but little as yet. 

The contents of the small intestine pass into the large intestine gradually. 
When the ileocaecal sphincter relaxes separate portions of the contents 
of the small intestine are transferred into the large intestine by peristaltic 
contractions. 

The movements of the large intestine are of the same nature as those 
of the small intestine. With the aid of X-rays we can trace in the cat, in the 
dog, and also in man, the way the chyme, after liberation from the ileum, 
first of all fills the nearest portion of the colon. Distension of this section 
causes a contraction of the ascending colon where it merges into the 
transverse colon. From here the waves slowly descend to the caecum pro- 
ducing, as it were, reverse peristalsis: the reverse waves transfer the chyme 
from the ascending and transverse colons to the caecum. These movements 
occur slowly and the chyme comes into close contact with the mucosa; 
owing to the absorption of water the liquid mass condenses. 

Because of peristalsis the entire chyme moves into the ascending and 
further into the transverse colons. This peristaltic wave, however, is unable 
to drive the entire mass of the chyme to the end of the large intestine 
and by antiperistaltic waves the chyme is moved for some distance back 
again. A sufficient amount of a denser mass (as a result of water absorp- 
tion) accumulates here again and then a peristaltic wave drives the dense 
mass still farther in the direction of the rectum. 

As a result a large part of the contents is accumulated at the distal end 
of the large intestine near the sigmoid flexure. The dehydrated part of 
the contents is separated by segmentation from the portion of the intestine 
which contains the chyme. About 4,000 gr. of chyme move past the ileo- 
caecal sphincter in man in 24 hours. 

A portion of the large intestine excised from the body continues to move. 
Hence, the same phenomena are discovered in the large intestine deprived 
of innervational connections as in the small intestine. The longitudinal 
folds (striae longitudinales), composed principally of elastic muscle fibres, 
aid in shortening the intestine. But when contraction of the circular layer 
compresses the intestine the longitudinal folds, located lower, aid in dilat- 
ing its lumen. 

The extramural innervation of the large intestine is effected by the 
sympathetic and parasympathetic fibres of the hypogastric and the pelvic 
nerves which arise from the lumbar and the sacral portions of the spinal 
cord, and also by fibres of the vagi. Depending on the tonic tension of the 
intestinal muscles the above-mentioned conductors either increase or 
decrease the movements of the large intestine. The inhibiting influences 
are transmitted, chiefly, along the hypogastric nerve; the stimulating 
influences are communicated through the vagus to the upper segments and 
along the pelvic nerve to the lower segments. The centre of the spinal 
cord, where the impulses to the ileocaecal sphincter are relayed, is in the 
segments of the spinal cord from the XII thoracic or from the I to the 
III and IV lumbar vertebrae. 

Impulses, which exert a strong influence on the activity of the gastric 
glands, run from the interoceptors of the small and the large intestines, 


295 


as well as from the rectum. Depending on the force and frequency of the 
impulses, as well as on the state of excitability of the gastric glands, the 
influence of these impulses may be weak or sufficiently strong. The com- 
plex interrelation of the separate parts of the digestive apparatus, regulated 
by the central nervous system, characterizes it as a single whole. 


Production and Composition of Faeces 


The chyme in the large intestine gradually changes into a faecal mass. 
When the contents, liberated from the small intestine into the large, are 
dehydrated, only 150 to 200 gr. of faeces remain of the 4,000 gr. of the 
chyme. 

The faecal mass usually consists of: a) the remains of the undigested food 
(fibres of cellular tissue, separate muscle and tendon fibres, grains covered 
with cellular tissue and containing starch, protein, fat, chlorophyll and 
insoluble lactic salts) and b) the products of the intestinal activity itself 
(mucus, desquamated cells of the mucous membrane of the intestines, 
cholesterol, coprosterol, urobilinogen, cholic acids, enzymes, as well as live 
and dead bacteria, the latter constituting a considerable part of the faeces— 
close to 30 to 50 per cent). The consistency and composition of the faeces 
may vary with the composition of the food. 

Vegetable food causes the formation of a greater quantity of faeces than 
does animal food. Milk yields a relatively large amount of faeces because of 
the large quantity of unabsorbable salts it contains. Animal proteins are 
utilized up to 98 or 99 per cent, while vegetable proteins are assimilated 
to a lesser extent. The extent of assimilation may widely vary in the same 
person if the same foodstuffs are consumed for a long time. The unassimil- 
able substances are strong stimuli of the intestinal musculature, and the 
mass of the food consumed and reaching the large intestine is, therefore, 
very important. 


Role of Intestinal Microflora 


The distribution of the normal microflora along the digestive tract may 
be represented in the following scheme: 1) abundant and extraordinarily 
diverse microflora in the oral cavity; 2) scant microflora in the stomach, 
3) small number of bacterial species in the small intestine, and 4) extra- 
ordinarily rich and diverse flora in the large intestine. 


Most of the microbes that enter the stomach are killed by the HCl. Sarcinae, cocci, 
yeasts, representatives of the group of bacteria—B. mesentericus subtilis, etc., have 
been found in the stomach. A very scant flora consisting of few bacilli and cocci, 
which produce lactic acid, are found in the upper segments of the small intestine. 

In injuries to the pyloric portion of the stomach or in disorders of the smal] intes- 
tine the microbes move from the lower segments of the intestine to the upper and to 
the stomach. The pyloric antrum, as well as the ileocolic sphincter, may be regarded 
as the natural barriers to the penetration of microbes into the divisions of the intes- 
tines where they are not normally present. 


The microflora in the large intestine and in the faecal mass is quite 
abundant; there is an average of 15,000 million microbes per 1 gr. of faeces. 
The flora of the large intestine includes the important B. coli, a microbe 
related to microorganisms pathogenic to man. The bacteria capable of 


296 


causing the putrefaction of proteins, are most frequently encountered in 
the large intestine. There are also many other bacteria. 

The bacteria play some part in splitting the nutritive substances. They 
split the hydrocarbons which are inaccessible to the fermentative hydrol- 
ysis by the digestive juices; besides, the hydrolysis with the aid of the 
microbes does not stop at the monosaccharide stage but continues until 
lactic, oleic, succinic and other fatty acids, hydrogen, methane, carbon 
dioxide and other gases are formed. The polypeptides and amino acids 
disintegrate during protein putrefaction and substances with the charac- 
teristic faecal odour are formed. The action of the bacteria in the intestine 
results in the production of scatol and indole from tryptophane, phenol 
and paracresol from tyrosine, hydrogen sulphide and other gases from 
the amino acids which contain sulphur. A number of bases known as 
proteinogenic amines, for example, cadaverinc, are sometimes formed from 
the amino acids, especially from lysine and histidine. A considerable part 
of the phenol-type substances, which are not immaterial to the organism, 
is absorbed and rendered harmless in the livcr with the formation of less 
harmful ether-sulphuric acids. 


The microflora of the intestine may vary partly with the food consumed, one type 
of bacteria supplanting another. Thus, for example, the microbes which cause lactic 
fermentation supplant the bacteria which cause putrefaction. 

The question of the role of microbes as normal inhabitants of animal organisms 
arose as far back as the time of Pasteur. Experiments with raising animals under 
sterile conditions, for example, guinea-pigs extracted from the wombs of their mothers 
under aseptic conditions, have yielded contradictory results. 1t turned out that in most 
cases the animals kept under stcrile conditions developed worse than did the control 
animals that lived in their natural environment. In evaluating the results of these 
experiments we must bear in mind, however, that their authors did not take into con- 
sideration the vitamin requirements of the animals. 

The bacterial flora and the simplest microorganisms (Infusoria, etc.) arc of great 
importance to the processes of digestion in herbivores. Whereas cellulose is but weakly 
split up under the action of bacteria in man, in the stomach and intestines of 
herbivores this process is of enormous importance. The conversion of cellulose, which 
forms the walls of many vegetable cells, liberates the protein, fats and carbohydrates. 
The herbivores have very long intestines. Thus, for example, the intestines of the 
omnivorous pig is 14 times as long us ils body, those of the goat and sheep are 27 
times as long, and those of the rabbit 31 times as long. The food stays in this enor- 
mous cavity for several] days and is subjected to fermentation, which enables the 
herbivorous animals to utilize foods that cannot be utilized in the intestines of man 
and carnivores, 

An increase in the number of bacteria muy interfere with the assimilation of 
nutriments; besides, the bacteria produce toxins. The putrefaction of protein bodies 
and the appearance of toxic products may cause auto-intoxication, which, as I. Mech- 
nikov believed, may be one of the reasons for the ageing of cells. Various authors. also 
point out the harmful effects of a meat dict and recommend the substitution of one 
microflora for another by consuming dairy foods (sour milk, cte.). The intestinal micro- 
flora, no doubt, plays an important part in the organism by ensuring nourishment for 
the herbivores, and indirectly for man, in connection with which this important phys- 
iological problem requires further study, 


Act of Defaecation 


The faecal mass collects, as has already been said, in the distal end of 
the large intestine before reaching the rectum. The movements of the 
distal end of the large intestine and the ejection of the faeces begin inten- 
sively only when the pressure of the faecal mass on the walls of the lower 
segment of the large intestine becomes strong enough by virtue of an 
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accumulation of certain quantities of excrement. The contraction of the 
lower segment of the large intestine is, apparently, conditioned entirely 
by nervous influences resulting from the stimulation of the receptors of 
the large intestine. This stimulation causes a reflex shortening of the distal 
division of the large intestine due to the contractions of the recto-coccygeal 
muscle which are followed by contractions of the circular muscles from 
the upper end of the sigmoid flexure. Owing to this the contents of the 
large intestine are pressed out into the rectum; in man the urge for 
defaecation is caused by the entrance of a portion of the faecal mass into 
the rectum. This urge, probably, corresponds to the contraction of the 
rectal musculature, If defaecation, i.e., evacuation of {he rectum, does not 
take place the muscles of the rectum relax and the faecal mass, which 
has entered it, remains. The entrance of the following portions of faeces 
from the sigmoid colon into the rectum will again cause the urge for 
defaecation. 

In the act of defaecation the muscles of the rectum and perineum con- 
tract, the contraction of the anal levator muscle leading to a shortening 
of the rectum. At the same time the internal and external anal sphincters 
relax. Contraction of the abdominal muscles aids in pressing the faeces 
from the large intestine into the rectum and from the latter outside. 
Defaecation is, thus, executed by the simultaneous contraction of a num- 
ber of smooth and striated muscles. 

This complex act is coordinated by the central nervous system, the 
centres located in the lumbar and sacral portions of the spinal cord. The 
hypogastric and pelvic nerves arise from here; of these the former reach 
the sympathetic ganglia (inferior mesenteric ganglion), the latter—the 
ganglia located in the walls of the intestine. Postganglionic fibres run from 
the cells of the ganglion. 

For some reason or other the act of defaecation may become impaired. 
Thus, if the lumbar segment of the spinal cord is destroyed in animals or 
the region of the IIl to IV lumbar segments is diseased in man, they are 
unable to retain the faeces, cannot deliberately evacuate the rectum and 
defaecate irregularly and in small portions. If the lower portion of the 
spinal cord is affected, where the afferent fibres of the receptors of the 
rectum enter, the urge for defaecation is lost and as a result the evacua- 
tion of the intestines is impeded and constipation ensues. 

Artificial stimulation of the nerves of the rectum may cause reflexly 
both the contraction and relaxation of the muscles, depending on the con- 
dition of the nervous centres and the working organs. 

The intramural nervous system and muscles of the large intestine and 
rectum play an especially important part when the functions of the 
centres in the spinal cord are impaired. If the spinal cord is destroyed 
the local nervous ganglia exert considerable influence on the muscle tone 
of the intestine and the sphincters owing to which normal defaecation 
may be largely restored. 

The cortical influence on the act of defaecation is well known. The delib- 
erate delay of the act of defaecation despite the desire to defaecate 
indicates that the cerebral cortex is involved in the functions of the 
sphincters and muscles of the intestine. Diarrhea caused by fright, retar- 
dation and involuntary defaecation in mental diseases also prove the 
cerebrum is involved in this complex coordinated act. Artificial develop- 
ment of conditioned reflexes for the act of defaecation confirms the obser- 
vations as regards the influence of the cerebral cortex on this process. 
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Periodic Activity of the Digestive Apparatus on an Empty Stomach 


The secretory and motor apparatus of the digestive system function not 
only during the process of digestion, but also on an empty stomach, outside 
the digestive process. 

In Pavlov's laboratory in 1904, Boldyrev observed contractions of the 
stomach and intestines, secretion of mucus in the stomach (Fig. 131), as 
well as pancreatic juice and bile, in dogs with empty stomachs (outside 





Fig. 131. Record of periodie (“hrnger™) movements in the dog outside the digestive 
period (after V. Boldyrev). 


the digestive period) every 1.5 to 2.5 hours tor a period of 10 to 30 minutes. 
This periodic activity of the digestive tract was also studied in man 
(Boldyrev and Anichkov, Cannon, Carlson). 

Cannon and others assume that the periodic contractions of the stomach, 
coinciding with the sensation of hunger, stimulate this sensation. 

It should be noted that the factors which depress the periodic activity 
of the stomach at the same time cither weaken or fully suppress the 
fecling of hunger. Excessive fatigue or continued starvation (for several 
days) suppress the feeling of hunger; under these circumstances there is 
no periodic activity of the digestive apparatus either. 


The mechanism of periodic activity has not been explained as yet. Babkin believes 
that the periodic activity is primarily manifested in the movement of the stomach 
and the intestines, whereas the secretion of the digestive juices is the result of the 
ready secretion being pressed oui of the ducts and folds of the mucosa. 

The periodic contractions are, undoubtedly, influenced by the humoral stimuli 
which appear in the blood when the animal is hungry. Chukichev transfused the 
blood of a hungry animal to another animal and thus produced periodic movements in 
the latter. Contrariwise, the transfusion of the bloud of a sated animal depresses or 
fully terminates the “hunger” movements. 

The appearance of the phase of pcriodic activity depends on the action of condi- 
tioned stimuli. Thus, the processes, occurring in the cerebral cortex, may change the 
alternation of the periods of activity and rest. as well as the intensity of the motor 
reactions of the stomach and the duodenum (Bulygin), 
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The periodic activity of the digestive apparatus on an empty stomach is one of the 
vivid examples of periodically occurring processes in many executive organs, if not in 
all of them. It should be borne in mind that the periodic alternation of rest and activ- 
ity of the digestive glands, as well as of the other cxecutive organs, is controlled by 
the regulating nervous apparatus, especially by the higher division of the central 
nervous system—the cerebral cortex. The phenomenon of periodic activity must 
always be taken into consideration in laboratory investigations, as well as in prescrib- 
ing diets, because by its physiological nature this phenomenon reflects a pattern dif- 
ferently developed and dynamically conditioned in each individual case. 

The leading influence of the nervous system does not exclude the role of the humoral 
factors in the periodic activity. 

The problem of this interesting phenomenon—periodic activity—is far from solved. 


PART VI 
ABSORPTION 


CHAPTER 30 
ABSORPTION 


In the broad sense of the word absorption is the passage of various 
substances through a layer of cells into the blood. It is the passage into 
the blood of substances from the integuments of the body, from the various 
divisions of the alimentary tract, the internal organs (bladder, uterus, 
bronchi, lungs), the subcutaneous cellular tissue or muscles. Absorption 
of substances from the intestines is of the greatest physiological importance 
since it ensures the nutrition of multicellular organisms and serves to 
introduce medicines into the human body because of the most widespread 
oral method of administering medicine. 

The rate of absorption depends on the histological structure of the given 
portion of the alimentary canal, the length of time the substances are 
retained in it and on the composition of these substances at any given 
moment. 

There is hardly any absorption in the oral cavity and in the oesophagus. 
There is also very little absorption of food substances in the stomach, 
though some of them (alcohol, carbon dioxide and, to a lesser extent, 
water and chlorides) are very well absorbed by the gastric mucosa. 

The small intestine is the chief organ of absorption. From five to eight 
hours after eating most of the chyme passing from the small into the 
large intestine hardly contains any absorbable substances with the excep- 
tion of water which is vigorously absorbed in the large intestine. 

Different portions of the small intestine vary in their ability to absorb 
different substances. For example, in the upper portion of the small 
intestine, all other conditions being equal, sugar is absorbed faster than 
water; in the lower portion water is, on the contrary, absorbed faster than 
sugar. Sodium chloride is absorbed in the lower portion even faster than 
water. 

The inner surface of the human intestines measures approximately 
0.65 m.? But since Kerkring’s folds project into the cavity of the intestines 
and the entire surface of their mucosa is covered with a tremendous num- 
ber of villi (18 to 40 per 1 mm.2) the total surface of the intestines is much 
larger and reaches 4 to 5 m.? 

The villi cover most of the surface of the intestinal mucosa. The length and diam- 
cter of a villus (in man) measures 0.2 to 1 mm. The entire surface of the villi is cov- 


ered with cylindrical epithelium. The epithelial cells contain fibrils (Fig. 133), a so- 
called mitochondrial apparatus which changes during absorption. 
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Each villus has a lymphatic vessel and an artery. The lymphatic vessel 
begins in the villus by a single large swelling. Under the villus this vessel 
forms a large plexus and further down—another, a submucous plexus. In 
the submucous plexus the lymphatic vessels have valves owing to which 
the lymph flows only in one direction. Before entering the thoracic duct 
(ductus thoracicus) the lymphatic vessels necessarily pass through a lymph 
node. 

The artery, which enters a villus, reaches its summit and ramifies, 
partly passing into the capillary network and partly forming a direct 
arteriovenous anastomosis with the main vein which also begins at the 
summit of the villus. 





Fig. 132. Structure of a villus Fig. 133. Vibrillar structure of an intestinal 
(after Verzar), epithelial coll during absorption (a) and im 
an empty stomach (b). 


Inside the villi there are some small smooth muscle fibres and a net- 
work of nerves connected with Meissner’s plexus. Meissncr's plexus forms 
nervous paths in between the mucous and submucous layers of the intes- 
tines and sends to the villi fibres located under the epithelium around the 
central lymphatic vessel. 


Mechanism of Absorption 


‘Physiologists sought for the answer to the question of the mechanism 
of absorption primarily by studying analogous mechanisms of filtration of 
various substances through organic or inorganic membranes, i.e., the 
phenomena of filtration and osmosis. 

Mechanism of filtration. The mechanism of filtration consists in the pas- 
sage of a solution through pores under the action of some mechanical pres- 
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sure. The rate of filtration depends on the amount of this pressure and the 
size of the pores. If the dissolved particles are larger than the pores they 
do not filter. If filtration occurs it results in similar concentrations of the 
solute and the solvent on both sides of the membrane. 

In the intestines there are forces capable of exerting a certain mechanical 
(hydrostatic) pressure. These include the action of the abdominal wall, 
intestinal peristalsis and the suction movements of the villi. As a result 
of peristalsis the intra-intestinal pressure usually reaches 4 to 6mm.Hg 
but the blood pressure in the capillaries of the villi is higher (8 to 
15 mm. Hg). Basing himself on this difference Starling concluded that the 
hydrostatic forces could not ensure absorption. We must take into account, 
however, that the pressure in the lymphatic space of the villi is much 
lower than it is in the capillaries. 


It goes without saying that absorption is accelerated when the hydrostatic pressure 
is raised experimentally. A 0.9 per cent solution of sodium chloride is absorbed twice 
as fast when the pressure in the intestines is raised from 3 to 8mm. lig. However, 
there is no constant hydrostatic pressure in the small intestine and the mechanism of 
filtration is rather a supplementary factor. 


The movements of the villi play an essential part (Verzar). By contract- 
ing and expanding the villi now press blood and lymph out of themselves, 
now suck in the substances dissolved in the intestines (this phenomenon 
resembles filtration of solutions into a retort connected with a water-jet 
pump). 

The movements of the villi vary. In dogs they continue for 2 to 4 hours 
after feeding, though not all the villi move simultaneously, but in groups— 
each group independenily of the others. A strong stimulus sets all the villi 
in motion. Normally they move 3 to 5 times per minute. Exsanguination 
of the mucosa leads to a rapid cessation of the suction movements of 
the villi. 

Chemical stimuli found in the intestinal cavity and acting on the villi 
with the aid of the nervous structures of the intestines are the natural 
stimuli of the movements of the villi. The chemical stimuli of the move- 
ments of the villi include yeast extracts, peptone solutions, histamine, bile 
acids, a numbcr of amino acids, as well as several pharmacological 
substances, for example calomel. The movements of the villi are inhibited 
by the salts of calcium and potassium. 


The villi move under the influence of nerve impulses which may arise not oniy in 
the central nervous system, but also in Melssner’s plexus. Touching the top of a villus 
with a hair produces no effect, whercas touching its base causes the villus to contract. 
and the stronger the stimulus, the more villi react. If droplets of an yeast extract or 
crystals of histamine are applied to the top of a villus it is precisely this villus that 
begins to move and the movement intensifies as the substance dissolved in the liquid, 
which surrounds the villus, comes closer to its base. This phenomenon is connected 
with the function of Meissner’s plexus. 

When a piece of the mucosa between the mucosa and the submucosa is denervated 
the villi immediately cease to move, while in the adjacent innervated sections the villi 
continue contracting. 

There are reasons to believe there is also a humoral mechanism in the regulation of 
the movements of the villi. It has been found that under cross circulation the blood of 
a fed dog causes the villi to move when it comes to the isolated portion of a hungry 
dog’s small intestine. Contrariwise, the blood of a hungry dog stops the movements of 
the villi when it comes to the intestine of a fed dog. Introduction of hydrochloric acid 
into the duodenum intensifics the movements of the villi. A duodenal extract injected 
intravenously also provokes their strong movements. This gave rise to the idea that the 
mucous membrane of the intestines produced a hormone which influenced these move- 
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ments. This hormone is neither like histamine nor like secretin. It has been named 
villikinin. 


The movements of the villi are not the only mechanism of absorption 
since absorption occurs even when the villi are paralyzed. But their move- 
ments are very important in that they accelerate absorption. This is evident 
from the fact that an yeast extract, which intensifies the movements of 
the villi, considerably accelerates absorption. Thus, for example, in the 
presence of a 1 per cent yeast extract of all the peptone introduced into 
the stomachs of rats, 58 per cent was absorbed, while without the simul- 
taneous introduction of the yeast extract only 31 per cent was absorbed. 


According to Verzar’s calculations, the dog's intestines 200 cm. Jong and 5 cm. wide 
contain (very roughly) about one million villi, while the volume of cach villus’ lym- 
phatic space corresponds to approximately 0.005 mm.? Consequently, the volume of 
the cavity of the villi is 5 ml. Since the content of the lymphatic space is pumped into 
the wall and thence into the lymph at cach contraction of the villi, while the villi con- 
tract 3 to 5 times per minute, it follows that 15 to 25 ml. of liquid can be absorbed per 
minute. 


The importance of osmosis and diffusion in the processes of absorption 
cannot as yet be accurately determined because in living beings osmotic 
pressure itself depends on many factors; biological membranes are mem- 
branes with variable permeability; they can dissolve a number of sub- 
stances in themselves. In a way this decides the old controversy as to 
whether it is possible or impossible to explain the phenomenon of absorp- 
tion by physicochemical mechanisms. Under conditions of a “living 
system” these physicochemical mechanisms become so complicated that 
they are not fully governed by any laws discovered in nonliving models, 
but acquire their own specificity not as yet subject to full analysis. 

In some relatively simple cases, however, the significance of the phenom- 
ena of osmosis in the process of absorption comes sharply to the fore. The 
general osmotic pressure of the blood in the capillaries, especially if 
osmotic pressure of the colloids is taken into consideration, is much higher 
than the osmotic pressure of the chyme. The passage of water from the 
chyme into the blood is, therefore, quite simply explained by osmotic 
forces. The colloids of the blood, apparently, play an enormous role in the 
process of absorption since it has been experimentally shown (and sub- 
stantiated by the physicochemical theory) that the proteins can ensure a 
redistribution of individual ions in the direction opposite to the difference 
in osmotic pressure. It has been, furthermore, established that a hyper- 
tonic solution introduced into the intestine becomes isotonic (Heidenhain). 
This fact is easily explained on the basis of the usual osmotic conceptions; 
it is much harder to explain the opposite phenomenon—the absorption of 
salts from a hypotonic solution. 

Solubility of various substances in the cells of the intestinal epithelium 
is of considerable importance to the processes of absorption. Some investi- 
gators believe that the substances insoluble in cellular lipoids, which form 
the outer layer of cells, are absorbed only through the intercellular spaces, 
while the substances which do dissolve in lipoids (for example urea, 
glycerol, alcohol) are absorbed by the epithelial cells. The fact that only 
lipoid-soluble substances can be found in epithelial cells during absorption 
speaks in favour of this assumption. 


The problem of change in permeability as a factor, which in its turn alters absorp- 
tion in the intestines, was studied relatively little until recent years. But it is, 
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undoubtedly, possible to choose conditions which change the processes of absorption 
because of the altered permeability of the intestinal wall. Such, for example, is a 
sharp accelcration in the absorption of sugar after injecting small doses of saponin. 


The nervous system, no doubt, exerts a regulating influence on the 
complex process of absorption as a whole and, probably, alters the perme- 
ability of the intestinal cells. Saponin changes the permeability of epi- 
thelial cells which makes for intensified absorption of glucose and water. 
By using saponin as an unconditioned stimulus, but injecting some indif- 
ferent stimulus before saponin is introduced into the intestines, it has 
been possible to develop a conditioned reflex for an intensified absorption 
of glucose and water (Bykov). This proved the regulatory role of the 
cerebral cortex in a process so scemingly “independent” of it as the absorp- 
tion of substances from the intestines into the blood. This reflex occurs 
according to the principal laws of conditioned-refiex activity: it can be 
suppressed, restored or differentiated. 

It is also possible to develop a conditioned reflex for a delay in the 
absorption of glucose and water. In this case iodo-acetic acid may be used as 
an unconditioned stimulus, which delays the absorption of glucose when 
injected into the intestines or the blood. Any agent introduced many times 
simultancously with iodu-acelic acid causes approximately the same retar- 
dation in the absorption of glucose as does the acid because of the develop- 
ment of a conditioned reflex. The impulses from the cerebral cortex. 
apparently, influence the permeability of the intestinal wall through a 
number of intermediate central and peripheral structures. 


Absorption of Carbohydrates 


Carbohydrates are absorbed through the wall of the intestines almost 
exclusively in the form of monosaccharides into which all carbohydrates 
are changed after being hydrolyzed by the diastatic enzymes of the intes- 
tinal and, mainly, the pancreatic juice. 

Absorption of carbohydrates (monosaccharides) is perfect. The chyme in 
the region of the ileocaecal sphincter no longer contains any glucose, as it 
was observed, for example, in patients with unhealing fistulas of the ileum. 
Even in the lower portion of the small intestine glucose can be detected 
only after abundant consumption of carbohydrates. Moreover, the upper 
divisions of the intestines absorb carbohydrates more intensively than do 
the lower divisions. Thus, according to London, 1 cm.? of the mucosa can 
absorb 19.2 gr. glucose in the duodenum, and only 3.26 gr. in the jejunal 
end of the small intestine. 


As long as the concentration of glucose in the chyme is not above 5 per cent the rate 
of absorption is directly proportional to the concentration, With the subsequent in- 
crease in concentration absorption is slowed down. When the intestine contains 6 per 
cent sugar, water begins to enter from the intestinal blood vessels into the lumens of 
the intestines, the water coming directly from the blood or from the sharply increased 
secretion of intestinal juice. This is the basis for the laxative action of large quantities 
of sugar. With a sugar concentration of up to 2 per cent its absorption proceeds 
parallel to that of water. 


The characteristic feature of sugar absorption is that glucose, normally 
contained in the blood, is absorbed very much faster than the other mono- 
saccharides. If we take the rate of glucose absorption as 100 the correspond- 
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ing figures for the other sugars excep! galactose will be much lower: for 
example, 44 for fructose and 30 for xylose. 

Since the various mono- and disaccharides have approximately the same 
diffusion coefficient the different rates of their absorption could not be ex- 
plained for a long time. Lately many investigators have been explaining the 
selectivity of glucose absorption as compared with other monosaccharides 
by the fact that already in the process of absorption glucose changes to 
glycogen in the very cells of the intestinal mucosa. This maintains a con- 
stant difference in the concentration of the glucose in the blood and in the 
chyme which ensures rapid glucose absorption. 


Experiments with poisoning animals with iodo-acetic acid which blocks the process 
of phosphorylation necessary to carbohydrate metabolism, speak in favour of this 
theory. It turns out that this acid inhibits the absorption of glucose. At the same time 
it has been found that an extract from the intestinal mucosa phosphorylates galactose 
and glucose. partly fructose, but does not affect manose, pentose or xylose. The addition 
of iodo-acetic acid fully stops phosphorylation of glucose by the extract from the in- 
testinal mucosa. It must, therefore, be taken for granted that the delay in the absorp- 
tion of carbohydrates under the action of iodo-acetic acid depends on the cessation of 
phosphorylation processes. When these processes stop glucose and the other carbohy- 
drates, usually phosphorvlated in the intestinal wall, are absorbed as slowly as xylose 
und pentose which are not subject to this proccss. 


Absorption of sugar is under constant contro] of hormones. Removal of 
the cortical layer of the adrenals sharply reduces the absorption of glucose. 
Absorption of sugar is also affected by the vitamin B complex which stimu- 
lates glucose absorption. In B-avitaminosis the absorption of glucose 
decreases. 

Carbohydrates are absorbed almost exclusively into the blood, and an 
increased sugar content is always observed in the blood after consumption 
of carbohydrate food. Changes in the glucose content of the lymph have 
been studied both in man with fistulas of the lacteals (Munk and Rosen- 
stein) and dogs with an artificial fistula of the thoracic duct. It has not been 
possible to find any noticeable increase in the amount of carbohydrates in 
the lymph after abundant carbohydrate consumption, though there are in- 
dications that a small amount of sugar passes into the lymphatic vessels 
whence it rapidly enters the blood. 


Absorption of Fats 


Fats are absorbed almost exclusively in the small intestine with the fat 
passing mainly into the lymph rather than into the blood. This is easily ob- 
served if the animal] is killed 3 to 4 hours after consumption of fatty food: 
the lymphatic ducts of the mesentery then look like white threads because 
they are filled with the emulsion of absorbed fat. This is why the lymphatic 
ducts of the mesentery are called lacteals. 

Neutral fat as such is hardly absorbed at all. To be absorbed fat must be 
split up by the lipase of the pancreatic juice into glycerol and fatty 
acids. Glycero] is absorbed into the lymph, whereas the fatty acids in a 
free state are insoluble in the intestinal content. Nor are the soaps—the 
alkaline salts of the fatty acids—soluble in the intestinal chyme with its 
usual concentration of H-ions. Soaps dissolve in an acid medium only in 
the presence of bile and the latter must necessarily be present in the intes- 
tines for soaps and fatty acids and, consequently, fats to be absorbed. This 
is borne out by the following fact: if we tie up the bile duct and create an 
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anastomosis between the gallbladder and the lower portion of the small in- 
testine the fats will be absorbed (which can be judged by the filling of the 
lacteals with fat) only below the point where the bile is artificially drained 
(Dastre). However, bile alone without the action of the pancreatic juice is 
not enough to ensure the absorption of fat because the latter cannot be 
split up by lipase. Absorption of fat necessarily requires the action of 
both pancreatic juice and bile. Bile is necessary for the absorption of fat also 
because the lipase of the pancreatic juice is nearly inactive without it. 

The action of bile on the absorption of fat is based on the fact that the 
bile acids change the fatty acids to soluble compounds which can penetrate 
through the intestinal wall. 


Owing to the action of the various bile acids the fatty acids can be absorbed both 
in alkaline and acid media. The alkaline soaps of the fatty acids dissolve within the 
limits of pH = 11.0 to 8.0; u combination of desoxycholic, cholic and fatty acids dis- 
solves only in alkaline and neutral inedia with a pH == 7.1 to 7.9 and docs not dissolve in 
an acid medium with a prH = 7.0, but complex compounds of fatty and the twin bile 
acids dissolve in an acid medium with a pH = 5.9 to 6.1. Thus, fatty acids can be easily 
changed to soluble compounds at various levels of the pH medium in the intestines. 


To change one mole of fatty acid to soluble form requires, according to 
Verzar’s experiments, 3 moles of glycocholic acid (approximately 4 gr. per 
1 gr. of fat). It has been computed on this basis that it would require 240 gr. 
of bile acids to dissolve 48 gr. of fatty acids (50 gr. fat). This corresponds 
1o a secretion of about 12 litres of bile, while no more than 1.5 litres of bile 
is secreted in man per day. It has been shown, however, that one gr. of bile 
acids suffices to dissolve one gr. of fatty acids in the intestines, and not 
4 pr. as in vitro. This is explained by the fact that not all the fatty acids 
are dissolved by the bile acids at the same time. After part of the fatty 
acids, dissolved in the bile acids, passes into the epithelial cells the complex 
compounds of fatty and bile acids break up. The fatty acids are synthesized 
into neutral fat in the intestinal cells, while the bile acids are liberated and, 
apparently, absorbed on the surface of the epithelial cells dissolving new 
molecules of fatty acids, etc. 

At any rate, the fatty acids are liberated from the complex bile acid com- 
pounds in the intestinal mucosa and recombine with glycerol to form neu- 
tral fats. The addition of substances, which accelerate the synthesis of fats, 
increases the absorption of fatty acids. These substances include glyccro- 
phosphates. During intensive absorption of fat the total amount of fat and 
phospholipids in the lymph increases. In addition, lecithin is found in the 
intestinal mucosa itself. It is, therefore, quite probable that. the phospho- 
lipids form a phase in the synthesis of neutral fat in the cell and that the 
synthesis of neutral fat, like that of carbohydrates, also goes through a 
Stage of phosphorylation. 

If this be so, iodo-acetic acid must inhibit the absorption of fats as we 
have described it with reference to glucose. Verzar’s experiments have 
demonstrated that the lymphatic vessels of animals, who were subcuta- 
neously injected iodo-acetic acid before being fed with fat, were deprived 
of fat. It has been established by histological analysis that these poisons do 
not delay the passage of fatty acids into cells, but inhibit the phosphoryla- 
tion of neutral fat. 


The question of the mechanism of fat absorption is still not clear in many respects. 
It is very possible that there are other important processes which ensure the passage 
of fats through the intestinal wall. Many authors have ascribed certain importance in 
this respect to leucocytes found in abundance in the intercellular spaces of the epithc- 
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lial cells. It hus been noted of lute that the lecithin of the bile also sharply increases 
the absorption of fatty acids. 


The important feature of the absorption of fats consists in the fact that, 
unlike proteins and carbohydrates, they are not absorbed directly into the 
blood, but into the lymphatic space of the villi and thence along the lacteals 
are empticd into the blood through the thoracie duct. Besides, most of the 
fat is contained in the chyle as such, rather than as a mixture of the prod- 
ucts of its disintegration. This fact, like the histological observation, which 
discovers droplets of fat in the epithelial cells of the intestines, warrants 
the conclusion that in the intestinal wall the principal mass of the absorbed 
fat is resynthesized from glycerol and fatty acids. The passage of fat into 
the lymph is also proved by the presence of fat in the lymph collected from 
the thoracic lymph duct where the greater part of the intestinal lymph is 
emptied through lymphatic ducts. This increase in the content of fat in the 
lymph of the thoracic lymph duct was observed in a man who had a fistula 
of the duct and in dogs in whom the opening of the duct was sewn into 
the skin. 

Tt is possible, however, that a certain amount of fat passes directly into 
the blood. 

There are no detinite data on the upper limits of fat absorption. We may 
assume that the healthy human intestines can absorb 100 to 150 pr. of fat 
per day with a 95 to 98 per cent coefficient of utilization. Insufficient liber- 
ation of bile into the intestines or the absence of pancreatic juice sharply 
derange the absorption of fats, which the foregoing makes clear. In this 
case large quantities of unabsorbed fat are found in the excrements. 


Absorption of Proteins 


Despite the fact that proteins are intensively digested in the stomach the 
products of their conversion are not absorbed from the stomach because the 
protein derivatives formed in the stomach by the aclion of pepsin are still 
too complex. For practical purposes we should therefore take into consider- 
ation only the processes of absorption that occur in the intestines. 

The amino acids absorbed from the intestines pass directly into the blood, 
as was recently proved by an analysis of the blood from the portal vein. 
However, the increase in the nonprotein nitrogen of the blood is not very 
large (5 to 15 mg. per cent) since the amino acids entering the blood from 
the intestines are very rapidly bound by the cells of the body, mainly by 
the cells of the liver. Small amounts of amino acids constantly pass from 
the liver into the blood. London also assumed there was some synthesis of 
proteins in the intestinal walls. 

Animal proteins are, as a rule, absorbed somewhat better than vegetable 
proteins (of the latter the poorly converted proteins of cellulose are not 
absorbed). The products of animal-protein conversion (meat. milk, eggs) 
can be absorbed more than 9() per cent. 


Absorption of Water and Salts 


The absorption of water begins in the stomach, but since it passes very 
rapidly into the intestines it is mainly absorbed in the latter. 

Enormous quantities of water can be absorbed from the intestines (in man 
15 to 20 litres per day). Processes of osmosis, apparently, form the principal 
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mechanism of water absorption since the osmotic pressure of the blood is usu- 
ally higher than that of the chyme. When a considerable quantity of poorly 
absorbed salts, for example, Na,SO, or MgSO, is administered, the osmotic 
pressure in the intestines sharply rises and the water passes into them from 
the blood. This partly determines the laxative effect of these salts. We must 
not forget, however, that the water content in the intestines may increase 
not only because of diffusion from the blood through the intestinal wall, 
but also owing to an intensified secretion of intestinal juice. 

Most of the substances absorbed from the intestines pass into the blood 
and lymph in the form cf aqueous solutions. If the dissolved substance is 
absorbed rapidly, the solution becomes hypotonic and the water also 
rapidly leaves the intestine. If the dissolved substances are absorbed slowly 
the water is retained in the intestine by the salts and maintains an osmotic 
equilibrium between the blood and the intestinal content. For cxample, 
from an isotonic solution of xylose (4.5 per cent) the water is not absorbed 
for an hour though more than half the sugar disappears during this time. 
Large amounts of water rapidly enter the intestinal lumen and the volume 
of the intestinal content increases. This shows that water cannot be absorbed 
even from isotonic solutions if the dissolved substances (in this case xy- 
lose) pass into the blood slower than the salts pass from the blood into the 
intestine. Consequently. water is absorbed the fastest from the hypotonic 
solutions of substances which rapidly diffuse through the intestinal wall. 


The salts of alkaline metals are absorbed into the blood through the cells of the 
intestinal epithelium and not. through the intercellular spaces. The higher the rate of 
diffusion the faster is the given ion absorbed, The salts of haloid acids are absorbed 
better than sulphates or carbonates, 


Under certain conditions salts, especially sodium chloride, can pass from 
the blood into the intestine, sometimes in very large quantities. thus equal- 
izing the osmotic pressure between the blood and the intestinal content. 
The intensity of absorption of a sodium chloride solution rises with ‘he in- 
crease in concentration up to 1 per cent. Absorption ceases if the concentra- 
tion of the sodium chloride solution increases to 1.5 per cent. In this and in 
higher concentrations the sodium chloride solution acts as a stimulus to 
intestinal juice secretion. 

The salts of calcium are absorbed only in relatively small quantities so 
that this is not attended by any sharp increase in the content of calcium in 
the blood. It has becn demonstrated in receni years that the salts of cal- 
cium are absorbed best when considerable amounts of fat are consumed 
with food; a soluble salt of calcium and fatty acid is, apparently, formed 
in this case. The facts obtained in experiments using isotopes have shown 
that iron is absorbed in considerable amounts only if the organism needs it. 


Absorption in the Large Intestine 


IL may be assumed at the present time that there are, apparently, no 
profound qualitative differences in absorption between the Jarge and small 
intestines. Under normal conditions no food substances are absorbed from 
the large intestine not because it is impossible, but because the chyme 
contains no absorbable substances by the time it reaches the large intestine. 
At the same time it has long been known that very considerable amounts 
of water can be absorbed from the large intestine—the liquid content of 
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the upper division of the large intestine condenses on the way to the 
rectum. Under normal conditions the peristaltic and antiperistallic move- 
ments of the large intestinc maintain a high hydrostatic pressure for a 
long time, which aids in the passage of the water into the blood. A number 
of substances diffuse in large amounts from the blood into the small intes- 
tinc; upon entering the large intestine these substances are reabsorbed 
and are thus returned to the organism. 

Upon reaching the large intestine, glucose, fat and fatty acids are 
absorbed there, though slower than in the small intestine. Hence, it is 
clear that nutritive enemas are of real importance to feeding. In this case 
a certain role can be played by the enzymes which pass into the large 
intestine from the small intestine or which are formed by microorganisms, 
for example, they can split up dextrin, peptones and other substances. 


PART VII 
METABOLISM AND VITAMINS 


CHAPTER 31 
METABOLISM 


General Ideas of Mctabolism 


Life is inseparably connected with assimilation of various organic and 
inorganic substances from the environment and excretion of the waste or 
superfluous matter, in particular the break-down products of the sub- 
stances consumed, into the environment. Thus, the body constantly 
exchanges substances with its external environment. The exchange of sub- 
stances (metabolism) is an inalienable sign of life. The energy required 
for maintaining the temperature of the animal’s body on a certain level, 
for muscular work, for synthesizing various compounds and overcom- 
ing the osmotic forces during the secretory and excretory processes, for 
various electrical phenomena, etc., is produced by the transformation and 
oxidation of complex organic compounds which form part of the tissues. 
This aspect of metabolism is designated as catabolism or dissimilation. 
At the same time all tissues of the organism are constantly renewed, 
restored and rebuilt. This part of metabolism is known as anabolism or 
assimilation. In metabolism assimilation and dissimilation are indis- 
solubly connected. During the process of assimilation, when organic 
substances are synthesized, there are simultaneous other reactions which 
lead to disintegration and oxidation—to CO, and water—of other organic 
substances. The synthesis of complex organic compounds in the body 
is preceded by the formation of low molecular products. Thus, for 
example, the synthesis of protein bodies, which is effected at the expense 
of other proteins, is preceded by hydrolysis of the latter to amino 
acids. 

Contrariwise, in the process of disintegration many substances go through 
synthesis which produces substances more complex than the initial 
substance. Thus, in order to break up, glucose must necessarily be phos- 
phorylated and form hexosephosphates. The oxidative disintegration of 
acetic acid is effected through its combination with oxalo-acetic acid and 
the formation of citric acid, a hexacarbon compound. 

A detailed consideration of the physicochemical basis of the metabolic pro- 
cesses and a description of the transformations of the various substances in 
the organism are the subject matter of a course in biochemistry. Below we 
give only essential information on the fate of nutritive substances in the 
organism and on the physiological significance of the different processes of 
metabolism. 
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Carbohydrate Metabolism 


Carbohydrate requirements.Of the substances compensating man for his 
energy output in an ordinary diet carbohydrates are of the greatest impor- 
tance. In moderate muscular work man requires about 500 gr. of carbo- 
hydrates per day. The nutritive carbohydrates are starch, cane sugar, 
lactose, maltose, glucose, fructose and glycogen. In the digestive tract the 
polysaccharides (starch and glycogen) and the disaccharides (saccharose, 
lactose and maltose) are converted to monosaccharides and the latter are 
absorbed into the blood from the small intestine. 

Glycogen of the liver. The monosaccharides, which enter the blood from 
the intestines. pass through the system into the liver where they are trans- 
formed into glycogen—a polysaccharide composed of a large number of 
glucose particles. As Claude Bernard demonstrated for the first time (1852) 
that the liver played the part of a carbohydrate depot forming glycogen from 
the absorbed glucose and storing it. As the body uses up the carbohydrates the 
glycogen of the liver changes to sugar. enters the blood and is carried by 
it throughout the system. 

In addition to monosaccharides many other substances brought by the 
blood—lactic acid, glycerol and various amino acids—can also be utilized 
by the liver for synthesizing glycogen. This has been established in experi- 
ments both on the isolated liver and on the body as a whole. Experiments 
on dogs poisoned by phloridzin proved very uscful in solving this problem. 
These dogs lose a large amount of sugar with the urine (phloridzin 
glycosuria) and mobilize all resources by means of which sugar and glyco- 
gen can be formed in order to maintain the necessary concentration of 
sugar in the blood. By feeding the dogs protein food or amino acids and 
analysing later the relation between the sugar and nitrogen excreted with 
the urine it is possible to ascertain what part of the total quantity of car- 
bon atoms of the protcin or the amino-acids makes up the sugar. It has 
been found that an average of approximately 56 gr. of sugar can be formed 
from 100 gr. of protein. 

When large amounts of carbohydrates are consumed with the food the 
glycogen content in the liver may exceed 10 per cent of its weight. Under 
normal dietary conditions the amount of glycogen in the liver of man con- 
stitutes about 150 gr. Though, in addition to the liver, glycogen is also 
stored in the muscles, the nerve cells and other tissues, only the liver 
glycogen reserve is used for the needs of the body as a whole. 

The vitally important role of the production and accumulation of glyco- 
gen reserves in the liver is well demonstrated in experiments in which 
the liver is removed. In these experiments the animal dies very quickly— 
in 2 to 3 hours. Introduction of glucose into the blood of such an animal 
sharply improves its condition for some time. When the injected glucose is 
utilized by the organism and the sugar content in the blood drops again 
the condition of the animal becomes worse again. By repeated injections 
of glucose it is possible to keep the hepatectomized animal alive for 12 to 
16 hours, after which it dies of other pernicious results produced by the 
removal of the liver (p. 319). 

Sugar content of the blood. On an empty stomach the blood of man con- 
tains 70 to 100mg. per cent (0.07 to 0.1 per cent) sugar. When large 
amounts of carbohydrates are consumed with the food the content of sugar 
in the blood increases because the liver has no time to transform all of 
the absorbed sugar into glycogen. The increase in the content of glucose 


312 


in the blood (hyperglycaemia) is the more pronounced the faster the sugar 
is absorbed from the intestines. In sharply pronounced alimentary hyper- 
glycacmia (150 to 180 mg. per cent sugar in the blood) sugar begins to be 
excreted with the urine (glycosuria). The maximal amount of sugar con- 
sumed without signs of glycosuria may serve as the measure of the func- 
tional capacity of the liver as regards glycogen production. The maximal 
amounts of sugar which do not cause glycosuria in healthy people when 
taken al one time are 150 to 180 gr. of glucose, 150 to 200 gr. of cane 
sugar, 120 to 150 pr. of fructose, and 40 gr. of galactose. 

In diabetes mellitus, a disease caused by a derangement in carbohydrate 
metabolism, the concentration of sugar in the blood may reach very high 
figures (up Lo 500 mg. per cent) and the amount of sugar lost with the urine 
runs into scores and even hundreds of prams. 

Under certain conditions (long and hard muscular work, injection of 
insulin) the concentration of sugar in the blood drops; this condition is 
known as hypoglycaemia. 

Intermediate carbohydrate metabolism. Carried throughout the organism 
by the blood glucose enters the different organs, muscles, the brain and the 
glands. In these organs the glucose is either directly utilized (for example, 
in the brain), first changed into glycogen (in muscles and most other organs) 
or transformed into other sugars (for example, into lactose during the pro- 
duction of milk in the mammary glands). 

The muscles contain 0.4 to 1 per cent glycogen. The hydrolysis of glyco- 
gen and the oxidation of the intermediate metabolites are the principal 
chemical process which provide the energy for muscular work. Phosphoric 
compounds (inorganic phosphates, adenyl system, codehydrase) must neces- 
sarily take part in this process. They are also involved in the production 
of phosphoric esters—hexose and triosc. Under anaerobic conditions the 
reactions stop at the lactic acid stage. As a result of the transformations of 
glycogen into lactic acid (glycogenolysis) the adenyl system is enriched 
by phosphate groups and adenosine triphosphoric acid is formed. The latter 
contains two phosphate radicals whose liberation releases a large amount. 
of energy (about 10 large calories per gram-molecule of the liberated phos- 
phoric acid). It is apparently this energy that is used for muscular contrac- 
tion, while glycogenolysis serves only to restore the adenosine triphos- 
phoric acid. 

Lactic acid does not accumulate in the presence of oxygen, and the inter- 
mediate products of carbohydrate metabolism are oxidized to carbon 
dioxide and water. The oxidative processes also involve phosphoric com- 
pounds and phosphate groups which form part of adenosine triphosphoric 
acid. Much more energy is liberated during the oxidation of glycogen than 
during its anaerobic transformation into lactic acid. 

Cerebral tissue uses glucose as the basic carbohydrate substance. The 
normal function of the central nervous system is possible only when it 
receives sufficient glucose from the blood. A sharp drop in sugar concentra- 
tion in the blood causes convulsions and death (hypoglycaemic shock). 

Regulation of carbohydrate metabolism. Depending on the conditions of 
the organism’s existence and on the influences of the environment the 
carbohydrate metabolism of the organism as a whole or in its individual 
organs may vary considerably. For example, in muscular work the con- 
sumption of carbohydrates sharply increases. 

During muscular contractions the rate of gplycogenolysis and of lactic 
acid production in the muscles is hundreds of times as high as at rest. If 
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the amount of oxygen brought by the b!und to the working muscles is not 
enough to oxidize the lactic acid the latter accumulates in the muscles and 
passes into the blood. Lactic acid also accumulates when the tissues are 
not supplied with sufficient oxygen (in a rarefied atmosphere, disorders 
of respiratory and circulatory functions, etc.). When the tissucs get enough 
oxygen the processes of glycogenolysis and glycolysis are, on the contrary, 
inhibited (Pasteur effect) while the lactic acid, which has formed, is partly 
oxidized and parily reconverted into glycogen. 

Carbohydrate metabolism is regulated by the nervous system involving 
certain endocrine glands which are themselves under the control of the 
nervous system. The importance of the nervous system in the regulation 
of the sugar concentration in the blood was already demonstrated by 
Claude Bernard. 

A puncture in the floor of the IV ventricle of the rabit’s medulla 
oblongata causes mobilization of the liver glycogen and sharply increases 
the content of sugar in the blood, with sugar appearing in the urine (ner- 
vous or puncture glycosuria). 

Stimulation of the floor of the IV ventricle influences the hepatic cells 
through the sympathetic nerves and, what is in this case more important, 
via the neurohumoral channel. Stimulation of the nervous centres through 
the sympathetic nerves causes an increased production of adrenalin by the 
medulla of the adrenals. Adrenalin enters the blood and, brought to the 
liver, aids in the conversion of glycogen to sugar and, consequently, pro- 
duces hyperglycaemia. 

Insulin, the hormone formed in the pancreas by the islands of Langer- 
hans, produces an opposite effect on the concentration of blood sugar. Insulin 
aids in the conversion of sugar to glycogen and in the utilization of sugar 
with the formation of the intermediate products of its metabolism. Intro- 
duction of insulin causes the concentration of sugar in the blood to drop. 

The third hormone involved in carbohydrate metabolism is one of the 
substances formed in the anterior lobe of the hypophysis (the hormone of 
growth). This hormone depresses the phosphorylation reaction of glucose, 
the very first reaction in sugar conversion. The hormones produced by the 
cortical part of the adrenals also, undoubtedly, influence carbohydrate 
metabolism, though this influence is not sufficiently clear. 

The functions of all these endocrine glands are under the control of 
the nervous system which, in the final analysis, regulates the entire carbo- 
hydrate metabolism. 

The cerebral cortex plays the most important part in the nervous regula- 
tion of carbohydrate mctabolism in higher animals. The ingestion of a 
sugar solution increases metabolism in man and animals by the direct 
action of the sugar on the tissues (specific-dynamic action of carbo- 
hydrates). If, however, the sugar intake is repeatedly combined with a 
sound stimulus the action of the sound stimulus alone will cause nearly 
the same increase in metabolism and in the sugar concentration in the 
blood as does the ingestion of sugar. Thus, any stimulus, any influence of 
the external environment, combined with the agents which directly pro- 
duce changes in carbohydrate metabolism may become the stimulator or 
inhibitor of particular metabolic processes through the cerebral cortex. 

The influence of the cerebral cortex is also manifested in the fact that 
under emotional stress (fright, anxiety, anger) the concentration of sugar 
in the blood sharply increases. It is also possible to cause alterations in 
the concentration of sugar in the blood by suggestion in hypnosis. 
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Carbohydrate metabolism cannot be considered apart from the metab- 
olism of proteins and fats. The metabolic processes in the organism in- 
volve an interrelation and interweaving of various forms of metabolism. 
It has already been said that proteins and even fats may become the 
sources for the formation of glycogen. Contrariwise, fats may be exten- 
sively formed from carbohydrates, which is actually the case when animals 
are fattened. Certain amino acids can also be formed from carbohydrates 
by reamination (transfer of amino-groups from some substances to 
others). 

The relationship between the intermediate metabolism of carbohydrates 
and fats is clearly manifested in diabetes mellitus, a disease in which the 
utilization of carbohydrates is deranged, the concentration of sugar in the 
blood is increased and the sugar begins to pass inio the urine. In this case 
inadequate utilization of carbohydrates and the derangement in their 
intermediate metabolism leads to an impairment of the metabolism of fats, 
which consists in an accumulation of harmful products of [at metab- 
olism—ketone bodies (acetone, acetoacetic acid and beta-oxybutyric acid). 
In the organism carbohydrates produce an antiketogenic effect by reducing 
the formation of ketone bodies. 


Metabolism of Fats and Lipoids 


Physiological significance of fats and lipoids. Fats and lipoids (fatty 
substances) are indispensable constituents of cellular bodies in which they 
are found either as parts of the protoplasm or as constituents of the cel- 
lular structures. Some tissues, for example nervous tissues and the adrenals, 
are particularly rich in lipoids. The properties of the cell membranes 
show that they also contain lipoids. Reserve fat consisting mainly of tri- 
glycerides of fatty acids may accumulate in considerable quantities in 
loose connective tissue—in subcutancous cellular tissue, in the epiploon 
and in the cellular tissue surrounding the internal organs. The total amount 
of fat in the organism constitutes 10 to 20 per cent and in cases of obesity 
even much more. 

Fats play the part of reserve nutritive material. In addition, the fatty 
cellular tissue serves as a bed for a number of internal organs and aids 
in holding them in place. Subcutaneous fatty cellular tissue plays a pro- 
tective role and serves as a thermal insulation material. Certain unsaturated 
fatty acids (linolic acid, arachidonic acid) are not. synthesized by the higher 
animals, but are indispensable to the nutrition of man and animals. 

Lipoids may be divided into two basic groups. The first group consists of 
phospholipids or phosphatides which in addition to particles of polyatomic 
alcohol and fatty acids also contain in their molecules phosphoric acid and 
a nitrogenous base (for example, choline in lecithin or sphingomyelin, and 
cthylamine in cephalin). The phospholipids are a plastic material forming 
part of all tissues. Their content is particularly high in brain tissue. 

Sterols, the other group of lipoids, have an entirely different structure 
from that of the fats. Cholesterol, the chief representative of this group. 
has a cyclical structure consisting of three six-member and one five-mem- 
ber rings, a long side chain, one double bond in chain B and a hydroxy! 
group in ring A. The last group lends cholesterol the properties of a mono- 
atomic secondary alcohol. As an alcohol cholesterol in combination with 
fatty acids (palmitic acid, etc.) yields esters. In the cells and tissue fluids 
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cholesterol is found in a free state and in the form of esters. The content 
of cholesterol is particularly high in the brain. 

Metabolism of fats. Undcr normal working conditions man requires 
50 to 60 gr. of fat per day. 

The fats entering the digestive tract are hydrolyzed and absorbed. If a 
large amount of fats is consumed with the food their concentration in the 
blood plasma may increase from a few tenths of one per cent (0.3 to 0.4) to 
one per cent and more (lipaemia). During the synthesis of fat in the intes- 
tinal wall after absorption and when fat is deposited as a reserve nutritive 
material it is rebuilt. Alien fat is changed tọ fat with a composition 
characteristic of the given animal. 

In their physical properties, particularly in the melting point, the fats 
of various animals considerably differ from each other. But even in the 
same animal the fats taken [rom different parts of the body dilfer in thcir 
physicochemical properties; they have different melting points, refraction 
indices, content of unsaturated fatty acids, etc. The composition of an 
animal's fat is influenced by factors of the external environment. If a 
starved animal be fed a large amount of fats which sharply differ in com- 
Position from its own fat the body of the animal will show traces of fats in 
composition approximating the food fat. The composition of fats is also 
influenced by the temperature conditions under which the animals are kept. 

Other nutritive substances, besides food fats. serve as sources of fat in 
the body. Fats can be synthesized from carbohydrates and from proteins. 
The initial substances for this are the intermediate products of metabolism 
common to carbohydrates, proteins and fats—pyruvic acid, acetic acid and 
some other substances. 

Intermediate metabolism of fats. In the course of the intermediate 
metabolism of fats glycerol is easily converted into glycogen or its inter- 
mediate metabolites. The fatty acids are oxidized. The first products of 
oxidation are the beta-oxyacids, then come the beta-kecto-acids; the beta- 
keto-acids are split up, the remnant of acetic acid is removed and the 
carbon chain of the initial fatty acid is shortened by two carbon atoms. 

The acetic acid thus formed is further drawn into a cycle of chemical 
conversions (the citric acid cycle) accompanied by its oxidation to carbon 
dioxide and water. 

As in the oxidation of carbohydrates the oxidation conversions of the 
fatty acids draw inorganic phosphorus into the composition of adenosine 
triphosphoric acid which is a universal power-producing substance. It has 
been shown that muscles can work not only by consuming glycogen, but 
also by oxidizing fatty acids. 

The intracellular metabolism of fats is closely connected with the inter- 
mediate metabolism of carbohydrates (in particular, in the citric acid 
cycle) and is impaired in disorders of the latter. If the acetic acid is not 
drawn into the citric acid cycle in sufficient quantities it is transformed 
into acetone or ketone bodies (acetoacetic acid, acetone, beta-oxybutyric 
acid). It is the formation of these bodies thal is, probably, responsible 
for the serious poisoning in grave diabetes and death, when the accumula- 
tion of ketone bodies in the blood increases to an enormous extent. Part of 
them are voided with the urine (acetonuria). Ketone bodies accumulate 
when the reserve of carbohydrates in the organism is limited (in starva- 
tion, consumption of foods rich in fats, after long hard work). 

The ability of carbohydrates to prevent the accumulation of ketone 
bodies is called antiketogenic action. 
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The metabolism of fats like that of carbohydrates is influenced by the 
nervous system. This is confirmed by a number of data. For example, by 
injuring the hypothalamus it is possible experimentally to make the 
animal grow fat. Of the endocrine glands the metabolism of fat is regulated 
by the hypophysis, the sexual glands, the thyroid, the pancreas and the 
adrenals whose functions are also regulated by the central nervous system. 
The anterior lobe of the hypophysis produces a hormone which fosters the 
accumulation of ketone bodies in the organism. In disorders of the internal 
secretion of the sexual glands obesity, which acquires pathological forms, 
is sometimes observed. Insufficient formation of the so-called lipocaic sub- 
stance in the pancreas results in a fatty infiltration of the liver. 

Metabolism of lipoids. Studies with the use of artificial radioactive 
phosphorus have shown that the liver is the place where phospholipids are 
newly formed and where their intensive metabolism takes place. The 
synthesis of such a phospholipid as lecithin requires a sufficient amount 
of choline which forms part of it. Though choline can be synthesized in the 
body at the expense of oxyethylamine and methionine (amino acid) the 
limited amount of the latter in proteins makes it necessary to introduce 
choline directly into the food. Insufficient choline in the food results in 
a fatty infiltration of the liver. Choline is, therefore, sometimes considered 
a vitamin. 

The phospholipids, which form part of the brain tissue, are rebuilt and 
renewed, though much slower than those of the liver (G. Vladimirov 
et al.). The white matter of the brain contains considerable quantities of 
cerebrosides which closely resemble sphingomyelin (phospholipid). The 
cerebrosides contain galactose but no phosphoric acid or choline. 

Of sterol only those of animal origin—cholesterol and dehydrocholester- 
ol—are absorbed. Cholesterol is easily synthesized in the animal organism 
and is excreted with the bile and through the mucosa of the large intestine. 
In the large intestine cholesterol is reduced to coprosterol by the action of 
bacteria and in this form becomes part of the faeces. Among the steroids, 
substances chemically close to cholesterol, there are many very active 
substances (cortical hormones, sexual hormones, provitamins D, bile acids). 
Certain vegetable heart poisons (strophanthin and digitonin), the poison 
of the toad (bufotoxin) and, finally, substances which cause the formation 
of malignant tumours (so-called cancerogenic substances) contain steroid 
groups or are close 1o steroids in their chemical structure. 

The carotenoids also belong to fat-like substances. Some of them 
(carotene, xanthophyll, etc.) serve as the sources for the formation of vita- 
min A. In addition to vitamin A, vitamin E and vitamin K are also fat- 
soluble vitamins. Like fats they can be absorbed only in the presence of 
bile in the intestines. 


Metabolism of Proteins 


Biological significance and specificity of proteins. Protcins are the essen- 
tial substance of which the protoplasm of the cells and the intercellular 
substances are built. All the enzymes without which the metabolic pro- 
cesses cannot take place are protein bodies. The phenomena of muscular 
contraction are connected with proteins—myosin and actin. The carriers 
of oxygen in the blood are pigments of a protein nature—haemoglobin in 
higher animals, and chlorocruorin and haemocyanin in lower animals. 
The blood owes its ability to coagulate to the plasma protein—fibrinogen. 
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The immunity properties of the organ:stn are connected with certain sub- 
stances of the plasma. the so-called antibodies. One of the protein sub- 
stances of the retina—visual purple or rhodopsin—increases the sensitivity 
of the retina to light. The nuclear and cytoplasmic nucleoproteids play 
an essential part in the processes of growth and reproduction. The phenom- 
ena of excitation and its propagation are connected with protein bodies. 
The hormones, which take part in regulating physiological functions, con- 
tain a number of protein substances. 

Preteins have a very complex structure. Converted by acids, alkalis 
and proteolytic enzymes protein splits to amino acids of which there are 
more than 25. In addition to amino acids different proteins contain many 
other constituents (phosphoric acid, carbohydrate groups, lipoid groups 
and special groups). 

Proteins arc highly specific. Each organism and each tissue have proteins 
which differ from those that form part of other organisms and other tis- 
sues. The high specificity of proteins can be ascertained by the following 
biological test. If a vegetable protein or a protein from a different animal 
is injected into the blood of an animal the organism responds by a genera! 
reaction consisting in a change of [unction of a number of organs and 
a rise in temperature. At the same time special protective enzymes, capable 
of converting the alien protein introduced, are formed in the organism. 

Parenteral (i.e.. other than the gastrointestinal tract) introduction of an 
alien protein after the lapse of a certain time renders the animal extra- 
ordinarily sensitive to the repeated introduction of this protein. Thus, if 
the guinea-pig is administered a small amount (1 mg. or even less) of an 
alien protein (serum protcins of other animals, egg proteins, etc.) parenter- 
ally the repeated injection of a few milligrams of the same protein 10 to 
12 days later (incubation period) causes a stormy reaction in the guinea- 
pig. The reaction manifests itself in convulsions, vomiting, intestinal 
haemorrhages, drop in blood pressure, respiratory disorders and paralysis. 
The animal may die as a result of these disorders. This increased sensitivity 
to alien protein has been named anaphylaxis (C. Richet, 1902), while the 
aforesaid reaction of the organism is referred to as an anaphylactic shock. 
A much greater dose of an alien protein administered the first time or 
before the end of the incubation period does not cause an anaphylactic 
shock. The increase in sensitivity of an organism to any particular influence 
is called sensibilization. The sensibilization of the organism caused by a 
parenteral administration of an alien protein is retained for many months 
and even years. It can be eliminated by repeated injections of the same 
protein before the end of the incubation period. 

The anaphylactic phenomenon is also observed in man in the form of the 
so-called “serum disease” after repeated introduction of therapeutic serums. 

The high specificity of proteins is understandable if we consider that 
various combinations of amino acids make possible the formation of an 
endless number of proteins with different combinations of amino acids. 
The hydrolysis of proteins in the intestines not only ensures the pos- 
sibility of their absorption but also provides the organism with materials 
for the synthesis of its own specific proteins. 

The main significance of proteins is that they furnish the material from 
which the cells and intercellular substance are built and the substances, 
which take part in the regulation of physiological functions, are syn- 
thesized. However, proteins are in some measure used along with carbo- 
hydrates and fats to cover the energy output. 
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Intermediate metabolism of proteins. In the alimentary canal proteins are 
converted by proteolytic enzymes (pepsin, trypsin, chemotrypsin, poly- 
peptidases and dipeptidases) into amino acids. Passing into the blood from 
the intestines the amino acids are carried throughout the body, and pro- 
teins are synthesized from them in the tissues. 

The studies with the heavy isotope of nitrogen (N!5) have shown that 
protein bodies are constantly rebuilt in the organism with amino acids 
leaving and re-entering their composition. The proteins of the body are 
in a state of continuous exchange with the amino acids which are in the 
composition of the nonprotein fraction. Some amino acids are also con- 
verted into others in the body. These conversions include reamination. 
which consists in the transfer of amino-groups from amino acids to keto- 
acids (A. Braunshtein and M. Kritsman). In the oxidative disintegration of 
amino acids deamination occurs first. Ammonia, which is split off as one 
of the end products of protcin metabolism, is further converted largely 
into urea in higher animals. In man the nitrogen in urea constitutes an 
average of 85 per cent of the total nitrogen of the urine. 


The principal end product of protein metabolism in birds and reptiles is not urea, but 
uric acid. Even the urea introduced into the organism of birds is converted into uric 
acid. This peculiarity in nitrogen metabolism is connected with the fact that the em- 
bryonic period in the life of birds takes place in an enclosed space, within the egg. Uric 
ucid has very low solubility and does not casily penetrate through animal membranes. 
The accumulation of such a product of nitrogen metabolism as uric acid in the cavity 
of the allantois and embryos does not, therefore, harm the embryos. 


In mammals uric acid is formed only from purine bodies which are part 
of nucleoproteides and nucleotides; the latter arc coenzymes of certain 
fermentative systems. 


Tn dogs uric acid is further converted, and allantoin is the end product of the metab. 
olism of purine bodies. 

The important end products of nitrogen metabolism also include creatinine and 
hippuric acid. Creatinine is an anhydride of creatine. Creatine is found in the mus- 
cles and in brain tissue in a free state and in combination with phosphoric acid (phos- 
phocreatine). 


Creatinine is formed from phosphocreatinince by liberation of phosphoric 
acid. The amount of creatinine voided with the urine is relatively constant 
(1.5 gr. per day) and hardly depends on the quantity of proteins taken in 
with the food. Only when meat food rich in creatine is consumed docs the 
amount of creatinine in the urine increase. 

Hippuric acid is synthesized from benzoic acid and glycocoll (in dogs 
mainly in the kidneys, in most of the animals and in man—in the liver and, 
to a lesser extent, in the kidneys). 


This synthesis is, apparently, aimed at rendering the benzoic acid harmless. Parti- 
cularly large quantities of hippuric acid are formed in herbivorous animals owing to 
the fact that vegetable food contains substances which in the animal organism are 
converted into benzoic acid. An increase in hippuric acid is observed in the urine of 
man when the latter changes to a vegetable dict. 


Amines (for example, histamine) are products of protein conversion and 
are sometimes of great physiological importance. 

Role of liver and kidneys in protein metabolism. When the blood flows 
through the liver amino acids are partly retained and a “reserve” protein, 
which can be easily utilized by the body during limited protein consump- 
lion, is synthesized from them in the liver. A small reserve of protein can, 
apparently, also be stored in the muscles (A. Danilevsky). 
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Proteins are probably also formed in the liver. Thus, after a loss of 
blood the normal concentration of albumins and globulins in the blood 
plasma is rapidly restored. But if the function of the liver is impaired by 
phosphoric poisoning the restoration of the normal protein composition of 
the blood is greatly impeded. The formation of albumins in the liver has 
been demonstrated in experiments with its finely ground tissue. The liver 
also plays the leading part in intermediate protein metabolism. Processes 
of deaminization and the synthesis of urea take place in the liver on a 
large scale. A number of toxic products of intestinal putrefaction of pro- 
teins (phenols, indol) are also rendered harmless in the liver. Removal of 
the liver causes the animal to die some time later even if glucose is re- 
peatedly introduced. This is, apparently, due to poisoning with the products 
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of the intermediate protcin metabolism. in particular, accumulation of 
ammonia. An important part in the study of the functions of the liver was 
played by the method of vcin-to-vein anastomosis (Eck-Pavlov fistula). 
The Eck-Pavlov fistula is formed by anastomosing the portal vein and 
the inferior vena cava (Fig. 134) with a portion of the portal vein near the 
liver tied off. As a result of this operation the blood flowing away from 
the intestines and passing into the portal vein cannot enter the liver, but 
by-passes it and empties into the inferior vena cava. This operation pre- 
serves the vital capacity of the liver since the latter is supplied with blood 
through the hepatic artery. But this makes it impossible for the liver to 
retain the toxic substances absorbed by the intestines. This difficult opera- 
tion was performed by N. Eck for the first time in I. Tarakhanov’s labor- 
atory. However, Eck was unable to keep the dogs with such fistulas alive. 
In 1892 I. Pavlov operated on about 60 dogs, close to a third of which 
remained alive and was studied. M. Nentsky and his associates did the 
biochemical part of the studies. It turned out that the dogs with the Eck- 
Pavlov fistulas could live for a considerable time if their food contained 
little protein. With protein feeding, especially if the dogs are given a 
large amount of meat, they are poisoned by the toxic products of protein 
conversion. The animal becomes excited, the coordination of movements 
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is affected, it is seized by convulsions and dies. An increased ammonia 
concentration in the blood is observed. 

The kidneys play an important part in the metabolism of proteins. In 
the kidneys ammonia is liberated from the amino acids and is used for 
neutralizing the acids. The latter are voided with the urine in the form of 
ammonium salts. 

It is through the kidneys that the body rids itself of the nitrogenous 
end products of protein metabolism (urea, creatinine, uric acid, hippuric 
acid and ammonia). When the functions of the kidneys are impaired as a 
result of disease all these products are retained in the tissues and in the 
blood; this leads to an accumulation of nonprotein (so-called residual) 
nitrogen in the blood (uraemia). An increased accumulation of nitrogenous 
products of metabolism in the blood leads to death. 

Metabolism of complex proteins. The nucleoproteids take part in growth 
and reproduction. In tissues, which no longer increase their mass, the role 
of nucleoproteids is. apparently, confined 1o participation in reproduction 
of the protein substances of the tissues. The metabolism of cytoplasmic 
nucleoproteids (ribonucleoprotcids) proceeds more vigorously than that 
of the nuclear nucleoproteids (desoxyribonucleoproteids). Thus, the rate 
of renewal of phosphorus in the ribonucleic acid of the liver is 30 times 
as high, and in the ribonucleic acid of the brain 10 times as high as in 
the desoxyribonucleic acid of the same tissues. The metabolism of nucleo- 
proteids in the human organism is determined by the excretion of purine 
bodies. particularly uric acid, 0.7 pr.of which is excreted per day under normal 
dietary condilions. More of it forms in the organism on a meat diet. In 
metabolic disorders manifesting themselves, for example in gout, the uric 
acid. which dissolves with difficulty, is stored in the tissucs, particularly 
around the joints. 

Haemoglobin constantly breaks up and is resynthesized in the body. 
Glycocoll and acetic acid are used in the synthesis of the haemin group. 
A sufficient intake of iron is also necessary. 

The intensity of haemoglobin disintegration in the body can be judged 
by the formation of bile pigments whose appcarance is connected with the 
splitting of the porphyrin ring of the hacmin group and the liberation of 
iron. The bile pigrnents pass with the bile into the intestines and are 
reduced in the large intestine to stercobilinogen or urobilinogen. Part of the 
urobilinogen is lost with the Iaeces; the rest is absorbed from the large 
intestine and gets into the liver whence it passes into the bile again. In 
certain ailments of the liver urobilinogen is not fully retained in the liver 
and passes into the urine. In the presence of oxygen in the urine urobilino- 
gen is oxidized into urobilin owing to which the urine turns dark. 

Balance of nitrogen metabolism. The study of the metabolism of proteins 
is facilitated by the fact thal proteins contain nitrogen. Different proteins 
contain from 14 to 19 per cent nitrogen, the average being 16 per cent. 
Each 16 gr. of nitrogen correspond to 100gr. of protein; one gram of 
nitrogen, consequently. corresponds to 6.25 ¢r. of protein. Therefore, in 
studying the nitrogen balance, i.c., the amount of nitrogen taken in with 
the food and the amount of nitrogen excreted by the organism, it is pos- 
sible summarily to characterize the metabolism of protein. The assimila- 
lion of nitrogen by the organism equals the nitrogen of the food mirus 
the nitrogen of the faeces; the elimination equals the amount of nitrogen 
excreted with the urine. By multiplying the amounts of nitrogen by 6.25 
we determine the quantity of the consumed and disintegrated protein. The 
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accuracy of this method is affected by the organism's losses of proteins 
from the skin surface (the desquamation of cells of the corneous layer of 
the epidermis, growing hair and nails). The process of protein conversion 
in the organism and the elimination of the products of metabolism, like 
the assimilation of the absorbed proteins, require many hours. In order 
to determine the value of protein disintegration in the organism it is. 
therefore, necessary to collect the urine for a period of a day, and in 
important studies—even for many days running. 

During the growth of the body or during its increase in weight owing 
to the assimilation of greater amounts of proteins (for example, after star- 
vation, after infectious diseases, etc.) the amount of nitrogen taken in with 
the food is larger than that which is excreted. The nitrogen is retained in 
the body in the form of a protein nitrogen. This is designated as the 
positive nitrogen balance. In starvation or in ailments, which are attended 
by a high disintegration of proteins. more nitrogen is excreted than con- 
sumed, and this is referred to as the negative nitrogen balance. When the 
quantities of nitrogen consumed and excreted are equal we speak of nitro- 
gen equilibrium. 

The metabolism of proteins essentially differs from that of fats and 
carbohydrates in that in the healthy adult hardly any of the easily utilized 
reserve protein is stored. The amount of reserve protein stored in the 
liver is insignificant and it is not retained for any length of time. An 
increase in the total mass of proteins in the body is observed only during 
the period of growth, during recovery from infectious diseases or starva- 
tion and, to a certain extent, during intensive muscular training when 
there is an increase in the total mass of muscles. In all other cases an 
excessive intake of protein causes its greater disintegration. 

Therefore, if a person in a state of nitrogen equilibrium begins to consume large 
amounts of proteins with his food the amount of nitrogen excreted with the urine 
will also increase. But it takes several days to establish a state of nitrogen equilibrium 
on a higher level. The same occurs in the reverse order, in passing to a lower level of 
nitrogen equilibrium. As the quantity of nitrogen taken in with the food decreases the 
amount of nitrogen excreted with the urine also diminishes and within a few days 
equilibrium is established on a lower level. 

Under normal dietary conditions the nitrogen equilibrium is established 
when 14 to 18 gr. of nitrogen is excreted with the urine. If the amount of 
proteins in the food decreases it can also be established at 8 to 10 gr. A 
further reduction in the quantity of proteins in the food results in a 
negative nitrogen balance. The minimum of protein nitrogen (6 to 7 gr.) 
taken in with the food and still permitting nitrogen equilibrium to be 
maintained is called the protein minimum. The amount of nitrogen 
excreted with the urine during protein starvation depends on whether or 
not other nutritive substances arc consumed. If all of the energy outlays 
of the body can be covered at the expense of other nutritive substances 
the amount of nitrogen excreted with the urine can be reduced to 1 gr. per 
day and even lower. 

If the body receives less proteins than the protein minimum it experiences protein 
hunger: the body does not sufficiently make up for the protein losses. Depending on 
the extent of starvation the negative nitrogen balance holds out no danger to the 
organism for some time. Observations of “marathon fasters,” who took no food but 
only small amounts of water for periods of 20 to 50 days, have been described. How- 
ever, continued starvation leads to death. 

In total starvation for a long time the amount of nitrogen excreted 
sharply decreases during the first days, but is later maintained on a con- 
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stant low level (Fig. 135). Experiments on animals have shown that shortly 
before death the nitrogen disintegration in the organism increases again. 
This is due to the exhaustion of the last remnants of other energy 
resources, particularly fats. 

Protein requirements in the diet. Owing to the fact that under different 
dietary conditions the minimum may vary, while the significance of large 
quantities of proteins in the food is not clear as yet, the protein require- 
ments have not been definitely established. Proceeding [from statistical 
figures Voit proposed 118 gr. of protein as a daily norm. The norms fixed 
by Chittenden (35 to 60 gr.) are absolutely insufficient, as numerous obser- 
vations have shown, and as a rule result in a negative nitrogen balance. 
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Fig. 135, Influcnce of complete starvation on daily total output of 
nitrogen in urine (alter Benedict), 


The studies of Soviet scientists (O. Molchanov et al) warrant the 
assumption that 100 to 120 gr. of proteins per day is the best-founded 
minimum. Consumption of greater amounts of proteins does not harm 
healthy people. 

It should be borne in mind that the quantitative requirements in protein 
food retain their significance only on the condition that the food proteins 
are of the requisite composition. A number of amino acids, whose synthesis 
is entirely impossible in the animal body, must. necessarily be included in 
the food in order to ensure the synthesis of the body's proteins. On the 
contrary, certain amino acids can be synthesized from other amino acids 
and even from non-nitrogen bodies and ammonia, and they do not have 
to be consumed with food. Recent investigations have shown that the 
number of such amino acids is greater than was formerly believed. 

Of the 20 amino acids cited below only 8 are of vital importance to man. 


Essential amino acids Nonessential amino acids 
Valine Glycocoll Glutamic acid 
Leucine Alanine Tyrosine 
Isoleucine Citrulline Proline 
Lysine Serine Hydroxyproline 
Methionine Cystine Arginine 
Threonine Aspartic acid Histidine 
Phenylalanine 
Tryptophane 


If the food lacks one of these essential amino acids the processes of 
protein synthesis in the organism are deranged. Growth in the growing 
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organism is retarded and followed by a loss of weight. Thus, the “law of 
minimum” is applicable to the protein diet because the synthesis of pro- 
tein in the organism is limited by the essential amino acid which is con- 
sumed with the food in minimal amounts. 

The proteins containing the necessary amino acids in proportions most 
favourable for the synthesis of proteins in the body are most fully utilized 
by it. It appears, therefore, that the maintenance of the animal's normal 
growth requires unequal amounts of different proteins, i.e., the biological 
value of the proteins depends on their amino acid composition and is 
unequal. The biological value of protcins is measured by the amount of the 
protein of the body that can be formed from 100 gr. of the food protein. 
It seems that animal proteins (meat, eggs and milk) have a high biological 
value (70 to 95 per cent), while most of the vegetable proteins (rye bread. 
oats, maize) have a lower biological value (60 to 65 per cent). There are, 
however, also animal proteins (for cxample, gelatin) which do not contain 
certain valuable amino acids (tryptophane, tyrosine, cystine) and are, there- 
fore, inferior. 

Regulation of protein metabolism. The intensity of protein metabolism 
depends in large measure on the humoral influences of the thyroid gland. 
Thyroxin, the hormone of the thyroid gland, increases the intensity of the 
protein metabolism. In Basedow's disease, which is characterized by an in- 
creased secretion of the thyroid hormones (hyperthyroidism), the protein 
metabolism is increased. Contrariwise, during hypofunction of the thyroid 
gland (hypothyroidism) protein metabolism sharply decreases. Since the 
function of the thyroid gland is under the control of the nervous system 
the latter is the real regulator of protein metabolism (p. 421). 

The nature of the consumed food exerts considerable influence on the 
metabolism of proteins. Meat food gives rise to greater amounts of uric 
acid, creatinine and ammonia. Vegetable food produces much smaller quan- 
tities of these substanccs because it contains little of the purine bodies and 
creatine. The amount of ammonia formed in the kidneys depends on the 
acid-base balance in the body; more of it is formed in acidosis, less in 
alkalosis. With vegetable food the organism takes in a considerable amount 
of alkaline salts of organic acids. Organic acids are oxidized to carbon diox- 
ide which is eliminated through the lungs. The coresponding part of the 
base remaining in the organism and later excreted with the urine shifts the 
acid-base balance towards alkalosis. Vegetable food does not, therefore, 
require the formation of ammonia in the kidneys for the neutralization of 
the surplus of acids and in this case the urine contains very little of it. 


CHAPTER 32 
VITAMINS 


Discovery of Vitamins and Methods Used in Their Study 


Two ways led to the development of the vitamin doctrine. One of them 
was connected with the attempts to make up a healthful diet of proteins, 
fats and carbohydrates free of admixtures. It had been known since the 
time of Liebig (middle of the 19th century) that proteins, fats, carbo- 
hydrates and salis were necessary constituents of food. In his thesis submit- 
ted at Yuriev University (1880) N. Lunin proved by experiments performed on 
mice that in addition to these nutritive substances some other substances 
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contained in milk were absolutely necessary for the maintenance of life. 
Lunin’s discovery was later confirmed and developed by Russian and 
foreign scientists (Pashutin, Hopkins, McCollum, Funk et al). 

On the other hand, mankind has suffered since time immemorial from 
serious diseascs which affected people living on an inferior, monotonous 
diet. 

We know from the history of wars, since the Crusades, that food deficient 
in meat and fresh vegetables resulted in a mass incidence of scurvy. Scurvy 
was also the bane of seafarers who lived for considerable periods of time 
almost exclusively on salt meat. Already in the 18th century some long- 
distance travellers (Anson, Cook, Lind) discovered that fresh food, fruit 
(especially, limes and oranges) and vegetables were ihe best means of 
fighting scurvy. A critical analysis of the various assumptions of the causes 
of scurvy led V. Pashutin at the end of last century to the conclusion 
that. scurvy was caused by food deficient. in some organic substance which 
the human organism could not synthesize. 

In the countries of Asia where the population subsists almost entirely on 
rice the people are widely affected by beriberi. a disease which manifests 
self in emaciation, cramps and paralysis of the limbs, finally leading to 
muscular atrophy and death. 

In the nineties of last century Eijkman. a Dutch physician, ascertained 
that a discase resembling beriberi (polyneuritis) may be experimentally 
produced in birds (chickens and pigeons) by feeding them polished rice, 
ie.. rice deprived of its coating. Feeding them unpolished rice or rice 
polishings cured them of this disease. This study put on the agenda the 
question of isolating the active principle which prevents the disease. 
In 1910, the Polish scientist Funk succeeded in obtaining a preparation 
from rice polishings several milligrams of which cured a pigeon suffering 
from experimental polyneuritis. Funk named this substance vitamin. 

It was subsequently found that such diseases as pellagra, rickets, ete., 
were due to [ood deficient in substances referred to as vitamins. The daily 
need of the organism in vitamins is very low and is measured by milli- 
grams and even fractions of a milligram. 

Animal and vegetable products contain very little vitamins. Tons of sub- 
stance must sometimes be processed in order to isolate a fraction of a gram 
of vitamin. Nevertheless, food deficient in vitamins leads to serious suf- 
fering, called avitaminosis. A less pronounced vitamin deficiency is known 
us hypovitaminosis. 


The presence or absence of any particular vitamin and its amount are determined 
by biological tests. The animal is kept on a diet which contains all the necessary nutri- 
live substances and vitamins except one. When the animal develops avitaminosis the 
substance studied for its content of the vitamin is added. If the substance contains 
enough of this vitamin the symptoms of avilaminosis arc relieved or completely elimi- 
nated. Now that the chemical nature of most of the vitamins is known there are 
chemical methods of detecting and determining the quantity of vitamins. 


The chemical composition and structure of vitamins were not exactly 
known for a long time. The discovery of a vitamin of the amine group in 
one of the preparations suggested to Funk the term vitamin, i.e., “vital 
amine.” It is now well known that some of the vitamins not only lack the 
amine group but are even non-nitrogenous bodies. The different vitamins 
are designated by letters of the Latin alphabet (A, B, C, D, E, etc.) as well 
as by special terms which reflect the chemical nature or the physiological 
action of the vitamin. 
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According to their physicochemical properties, in particular their solubil- 
ity, vitamins are divided into two groups—fat soluble and water soluble 
vitamins. The first group includes vitamins A, D, E, and K, the second— 
vitamins of the B complex (B,, Bz, eic.), vitamins PP, C, etc. 


Fat Soluble Vitamins 


Vitamin A. Because of its action vitamin A is called the vitamin of 
growth or the antixerophthalmic vitamin. Lack of this vitamin in the food 
retards the growth of young animals (Fig. 136). In addition, A-avitaminosis 





Fig. 136. Two rats of sarne litter: teft -raised on food con- 
taining sunflower-seed oil: right same food, but. with butter 
containing vilamin A. 


gives rise to xerophthalmia, an ailment characterized by a drying and sub- 
sequent ulceration of the cornea. In a vitamin A deficiency wounds heal 
very slowly. Finally, 
lack of vitamin A causes 
nyctalopia, i.e., the in- 
ability to see at night 
(night-blindness). 

In its chemical struc- 
ture vitamin A is close 
to carotene, a vegetable 
pigment, with the for- 
mula of CyoHs5;. By in- 
corporating 2 particles 
of water beta-carotene 
forms two particles of 
vitamin A. Carotene is 
transformed into vita- 
min A in the wall of the 
smal] intestine and in 





set eae the liver. Carotene is, 

lip. 137. th r it e A 

1 radiograph of bones of the normid 3anonth-okl rabbit: 2 the uS, a p ovi amın 9 
sume, afflicted with rickets (2 wonths) avitaminosiay; J sume m Vitamin A is no longer 
severe riekets (2.5 months’ avitaminosis). a hydrocarbon like caro- 


tene, but a mono-atomic 

alcohol. In the absence of oxygen it is thermostable. In a vacuum it can 
even be distilled. Heaied in the presence of oxygen it is oxidized and loses 
its biological activity. Vitamin A and carotene are found in considerable 
amounts in butter, epg-yolk, liver, kidneys and certain vegetables—carrots, 
tomatoes and spinach. Vitamin A is particularly abundant in cod-liver oil. 
A considerable amount of the product of vitamin A oxidation—retinene 
—is found in the retina of the eye. Retinene is an aldehyde which cor- 
responds to vitamin A and which in combination with protein yields 
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rhodopsin or visual purple. Visual purple sensitizes the retina of the eye 
to light and takes part in adaptation. In the light the visual purple breaks 
up into retinene and protein (opsin). In the dark visual purple is resyn- 
thesized from retinene or vitamin A and opsin. 

Vitamin A is used as a medicine to accelcrate the healing of wounds and 
ulcers, especially in ophthalmological practice. The amount of vitamin A 
required for preventing avitaminosis in man corresponds to 1 to 3 mg. (or 
3 to S5mg. carotene). 

Group of vitamins D. D-avitaminosis sharply manifests itself only in 
childhood in the form of rickets. In rickets the bones fail to calcify prop- 
erly. The content of calcium and phosphorus in rachitic bones is greatly 
reduced. Owing to this the sutures 
of the skull and the fontanels do not 
close, the bones of the limbs become 





Fig. 138. Two chicks of same brood raised on food deficient in vitamin T). 
Loft-- with sufficient sunlight, right-- with limited sunlight (after MeCollum). 


too flexible and curve under the weight of the body, the epiphyses do not 
ossify (Fig. 137), a rachitic rosary is formed at the osteochondral junctions 
of the ribs because the bones fail to ossify, etc. 

In addition to food rich in vitamin D successful treatment of rickets also 
requires sufficient amounts of the salts of calcium and phosphoric acid in 
the food and sunshine. This complex interrelationship has now been 
essentially ascertained. 

Vitamin D may be found in a number of foodstuffs in two forms— 
vitamin and provitamin. The provitamin is transformed into a vitamin by 
solar or quartz lamp irradiation (Fig.138). The active part of the ultra- 
violet rays is the long-wave part (about 300 my). Ultraviolet rays cf a 
shorter wavelength destroy vitamin D. 


The first substance whose provitamin nature was discovered was ergosterol, found 
in large amounts in ergot and yeast. By irradiating it an active antirachitic prepara- 
tion—calciferol or vitamin D,—was obtained. 

Subsequent studies revealed the existence of other provitamins—22, 23-dehydroer- 
gosterol, 7, 8-dehydrocholesterol and some others. The 7, 8-dehydrocholesterol is a 
natural provitamin which is always found in man and animals and which changes to 
vitamin Da under the action of ultraviolet rays. There are, thus, several vitumins D 
with antirachitic activity. 


The egg-yolk and the liver contain considerable quantities of vitamin D. 
Cod-liver oil is especially rich in vitamin D. Cod-liver oil is used as a 
Medicine in rickets. Provitamins D are found wherever there is cholesterol, 
Particularly in the skin. This explains the importance of sunlight in the 
treatment of rickets. Under solar radiation the photochemical reaction 


causes a new substance—vitamin I*---to form from the cholesterol; the 
body itself is incapable of synthesizing this vitamin. 

In an optimum correlation between the calcium salts and phosphoric 
acid in the food the daily amount of vitamin D required to safeguard a 
child against avitaminosis is negligible and is measured by micrograms 
(Veg. == 0.001 mg.). Twenty mg. is considered the daily requirement in 
child feeding. 

Consumption of excessive amounts of vitamin D (hundreds and thou- 
sands of times the required quantitics) for a long time results in hyper- 
vitaminosis D, which manifests itself in a higher concentration of calcium 
and salts of phosphoric acid in the blood, in an increased calcification of 
the bones and in the storing of the salts of 
calcium in a number of organs. 

Vitamin E. E-avitaminosis manifests itse!t 
in animals in a loss of fertility. The de- 
ficiency in this vitamin prevents pregnancy, 
and if pregnancy has already begun causes 
the destruction of the foetus, its resorption 
in the uterus or a miscarriage. The males 
suffer atrophy of the germinal cells of the 
testes and fail to produce spermatozoa 
(Fig. 139). Nursing animals develop lactation 
(secretion of milk) disorders. Lack of vitamin 
E also causes a muscle ailment (muscular 
dystrophy). 

Vitamin E restores the normal stale of the 
sex organs and ensures the continuation ot 
pregnancy and normal childbirth. Vitamin E 
has, therefore, been named tocopherol (tocos 
—childbirth). There are three isomers of toco- 
pherols (a. j and +’) differing as to their bio- 
logical activity. 

Vitamin E is found in the germ of many 
seeds, in the green parts of plants and in some 
animal tissues (hypophysis, placenta). 
Vitamin K. Vitamins K (K; and Ko), deriv- 
Fig. 139. Histological picture of atives of naphtoquinone, are also known as 
section of seminiferrous tubules. : , . : . rae 
Top—-in normal animal; bot. @tihaemorrhagic vitamins. A deficiency of 
tom in animal raised on food these vitamins in the food results in the in- 
deficient in vitamin E. In latter ability of the blood to coagulate; animals 
case cells of tubules degeneratial with K-avitaminosis develop haemorrhagic 

(aften ett eos tendencies. The reason for it is that the pro- 
thrombin fails to synthesize in the liver. 

Vitamin K is very abundant in nature. It is found in foodstuffs of both 
animal and vegetable origin. K-hypovitaminosis usually develops in people 
not because of a vitamin K deficiency in the food, but because of its failure 
to be absorbed, which is due to the fact that bile does not reach the in- 
testinal tract. 

The naphthoquinone ring is of decisive importance in the activity of 
vitamin K. The change in the length of the side hydrocarbon chain is of 
secondary importance. It has, thus, been possible to obtain a large number 
of naphthoquinone derivatives which, in some measure, act like vitamin K. 
Methylnaphthoquinone (methynone) and vicasol, a bisulphite derivative of 
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methylnaphthoquinone synthesized by A. Palladin, prove to be the most 
convenient for medical practice. Vicasol] dissolves well in water and is, 
therefore, more conveniently administered parenterally than any other 
vitamin K preparation. Administered per os vicasol can be absorbed even 
if the bile duct is occluded. 


Vitamin B Complex 


The factor, whose deficiency in the food causes beriberi in man and ex- 
perimental polyneuritis in animals, has been named vitamin B. Experi- 
ments on growing animals have also shown that a deficiency in this factor 
inhibits growth. It was subsequently found that there were several factors 
in the water-soluble preparations of vitamin B. 

Vitamin B,. The first vitamin of the vitamin B complex to be discovered 
was the one whose dcliciency caused beriberi and experimental polyneu- 
ritis. It was designated as vilamin B,, the antineuritic vitamin or aneurin. 
This vitamin contains an amino-group connected with a pyrimidine ring 
and sulphur in a thiazol ring. Hence, one more namc—thiamin. 

Vitamin B, is soluble in water and slowly disintegrates when heated. 
The following foodstuffs are rich in vitamin B,: brewers’ yeast. the germs 
and coatings of the sceds of certain grains (wheat and rye), kidneys and 
liver. 

Beriberi was widespread where the people subsisted almost exclusively 
on rice, especially on polished rice—in Japan, China and in Malaya. The 
discase begins with emaciation, locomotor 
disorders and loss of sensitivity in the legs. 
The muscles of the extremities become 
atrophied with a resulting paralysis of the 
arms and legs. Experimental polyneuritis 
in birds. kept on a diet deprived of vita- 
min B, (polished rice), may manifest itself 
in several forms. Locomotor disorders, 
and sustained contraction of the occipital 
muscles with the head thrown back— 
opisthotonos—uare observed in the spastic 
form (Fig. 140). The spastic form may i a 
pass nto paralytic O the atrophic Fig. t40. Experimental polyneuritis 
form. These manifestations are duc to in pigeon kept on food deficient in 
an affection of the nervous system. Since vitamin RB, (cramp of posterior eer- 
a number of nerves are affected this vienl museles---opisthotonos). 
ailment is called polyneuritis. 

The nervous system is affected in B,-avitaminosis because of the de- 
ranged intermediate carbohydrate metabolism in which the brain tissue 
consumes less oxygen and accumulates pyruvic acid. To oxidize the latter 
the animal organism requircs an enzyme—oxidase of pyruvic acid. Co- 
carboxylase, which is a pyrophosphoric ester of vitamin B,, is a coenzyme 
of this oxidase. It follows that in a deficiency of vitamin B, the co-car- 
boxylase cannot be synthesized in sufficient quantities owing to which the 
oxidase of pyruvic acid in the animal proves insufficiently active. 

Man requires 2 mg. of vitamin B, per day. An increased consumption of 
carbohydrates (for example, in muscular work) requires more vitamin B,. 
If a greater part of the carbohydrates is replaced with fats and proteins 
the requirement of vitamin B, drops to a fraction of a milligram. 
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Vitamin B». The growth factor B; belongs to the group of flavins, sub- 
stances widespread in various tissues; they have a yellow colouring and a 
yellow-green fluorescence. In a deficiency of vitamin B, the growth of 
young animals is retarded. In addition, a deficiency of this vitamin some- 
times causes in human beings an eye ailment (vascular keratitis), affection 
of the mucosa of the mouth, etc. The flavin, which is isolated from milk 
and known as lactoflavin or riboflavin has been studied best. Riboflavin is 
a compound of ribityl alcohol and a heterocyclic system called isoalloxa- 
zine. It is one of the yellow or flavin enzymes. These enzymes take part in 
oxidizing the reduced codehydrase and a number of intermediate products 
of metabolism (amino acids, xanthine, hypoxanthine, etc.). 

Man requires 2 mg. of vitamin B, per day. 

Vitamin Bg. Vitamin B, or pyridoxine is a derivative of pyridine. In the 
animal body it is oxidized to pyridoxal. The phosphoric ether of pyridoxal 
is a coenzyme of amino-pherase (enzymes taking part in reamination) and 
decarboxylases (enzymes which liberate CO, from amino acids and form 
amines). In a deficiency of pyridoxine in the food multiform disorders (der- 
matitis, anaemia, muscular cramps) variously manifest themselves in differ- 
ent animals. 

Vitamin PP or antipellagra vitamin. A deficiency of this vitamin in the 
food leads to pellagra. Pellagra is most widespread where maize is nearly 
the only food. This disease manifests itself in erythema, blisters on the 
skin which leave lesions or pigmentation. The mucosa in the oral cavity, 
especially on the tongue, swells and is frequently ulcerated. The nervous 
system, both peripheral and central, is also affected. 

In its chemical nature vitamin PP is a derivative of pyridine, namely, an 
amide of nicotinic acid. Nicotinic acid itself has the propertics of vita- 
min PP. 

The amide of nicotinic acid, like vitamins B, and Bz, forms part of the 
enzymatic systems contained in all cells. It is preciscly the amide of nico- 
tinic acid that together with adenine forms part of dinucleotide which is 
a coenzyme of dehydrase (cozymase or codehydrase). Codehydrase forms 
part of the oxidative fermentative system and serves as the carrier of 
hydrogen from the oxidated substratum (lactic acid, alcohol, phospho- 
glycerine aldehyde, etc.) to the flavin enzymes. Man requires about 15 mg. 
of vitamin PP per day. 

Other vitamins of the B complex. Pantothenic acid, biotin, para-amino- 
benzoic acid, folic acid, and vitamin B,» belong to this group of vitamins. 
Of particular interest to medicine are folic acid and vitamin B,.. A defi- 
ciency in the former causes macrocytic anaemia, while a deficiency in the 
latter results in pernicious anaemia. 

Pernicious anaemia had long been considered an incurable discase. In 
the beginning of the 20th century it was discovered that it could be success- 
fully treated by adding half-raw liver to the diet. Extracts obtained from 
liver tissue were subsequently used in the treatment of anaemia. The liver 
contains an antianaemic factor which stimulates blood formation. It was 
supposed that in healthy people with a normal diet the formation of this 
factor involved two constituents of which one was supplied by the food 
(extrinsic factor), while the other (intrinsic factor) was formerly regarded 
as an enzyme formed in the mucosa of the stomach. Failure of the intrinsic 
factor to form was considered the cause of pernicious anaemia. 

With the discovery of vitamin Bı it was ascertained that this substance 
should be regarded as an extrinsic factor. In entering the stomach vita- 
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min By, combines with a special protein—apoeritein, and in this combination 
the vitamin is protected from destruction by the digestive juices. In pa- 
tients with pernicious anaemia the apoeritcin is destroyed because of the 
low acidity of gastric juice. 

Thus, the first cause of pernicious anaemia is, apparently, achlorhydria. 
ie. failure of hydrochloric acid to form during the secretion of gastric 
juice. 

” Inositol and choline are also reckoned among vitamins. The latter, how- 
ever, can be synthesized in the organism and cannot be properly regarded 
as a vitamin. 


Vitamin C 


A deficiency of vitamin C in the food, usually due to a lack of fresh 
vegetables and fruit in the diet, causes scurvy. Hence, the other name for 
vitamin C—ascorbic acid. Haemorrhages in the skin and in the mucous 
membranes are the most vivid symptom of scurvy. It is believed that this is 
due to the increased permeability of the blood vessels because of changes 
in the properties of the intercellular substance which lies between the 
endothelial cells of the capillaries. The mucous membranes become ulcer- 
ated and the gums swollen. There are atrophic changes in the bones, loosen- 
ing of the teeth and swelling of the joints. Scurvy is particularly cruel to 
children (Meller-Barlow disease). They suffer haemorrhages in the bones 
and in the internal organs. Without adequate treatment children die fast. 
All the morbid phenomena disappear when foodstuffs rich in vitamin C are 
introduced into the diet or this vitamin in its pure form is injected. 

It is impossible to cause experimental scurvy in some animals (rats, 
pigeons) even when they are fully deprived of vitamin C. In this case the 
tissues of these animals retain ascorbic acid which indicates that. unlike 
man, certain animals are capable of synthesizing ascorbic acid. 

Ascorbic acid is very easily oxidized owing to which vitamin C is rapidly 
destroyed when heated in the air. An alkaline reaction aids in oxidizing 
vitamin C, while an acid reaction helps to preserve it. 

In the animal tissues ascorbic acid is found in all cells. It is particularly 
abundant in the adrenals, the brain tissue and the liver. Because of its 
ability reversibly to be oxidized and reduced ascorbic acid can take part in 
oxidative processes. In addition, it activates certain intracellular enzymes 
(the proteolytic enzyme cathepsin, arginase and amylase). Ascorbic acid 
takes part in the metabolism of tyrosine. 

OF the vegetable foods ascorbic acid is found in considerable quantities in 
spinach, cabbage, lettuce, lemons, oranges and apples. It is even more abun- 
dant in black currants and, especially, in the soft part of the fruit of briar. 
Man requires 50 mg. of ascorbic acid per day. 

There are indications that lemon juice and fresh vegetables are a better 
antiscorbutic means than crystalline ascorbic acid. It is, therefore, assumed 
that in addition to ascorbic acid prevention of scurvy requires citrin (a fla- 
vone derivative extracted [rom lemon juice) or kindred substances. 


Biological Role of Vitamins 
Vitamins, as essential factors in nutrition, are required not only by man 
and the higher animals, but also by the lower animals and even microbes. 


However, some animals do not need all of the aforesaid vitamins. For 
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example, besides man only monkey: and guinea-pigs need vitamin C. Rats 
do not need either vitamin C or vitamin PP in their food because thesc 
vitamins can be synthesized in their organisms. Glucose and glucuronic acid 
are the initial substances for the synthesis of ascorbic acid. 

Upon entering the tissues of animals most of the known vitamins undergo 
certain biochemical changes. For example. vitamin A (axerophthol) is oxi- 
dized so that an aldehyde group replaces the alcohol group and a new body 
—retinene or axeruphthol—is formed. Pyridoxine is similarly oxidized with 
pyridoxal formed as a result. A number of vitamins or their derivatives are 
phosphorylated (vitamins B, and B», and pyridoxal). In some cases there 
are further conversions (formation of codehydrase. etc.). In a number of 
instances the substances thus formed react with specific proteins, as a result 
of which certain enzymes are formed. Vitamin B, forms part of carboxy- 
lases and dchydrases. vitamin B, is a constituent of a number of flavin en- 
zymes, vitamin PP—of a number o! dchydrases. pyridoxal—of amino- 
pherases. Pantothenic acid forms part of coenzyme A, a coenzyme of the 
system of acetylating enzymes, biotin is a constituent of an enzyme tha! 
takes part in binding CO.. It is, therefore. clear why the organism needs 
vitamins and why it is possible to satisfy it with a very small amount of 
these substances. 

In some cases the vitamins that have a certain chemical structure can be 
replaced by natural or synthetic substances with a very similar structure. 
lt appears there is not one vitamin D. but a whole group of them; the same 
is true of vitamins E and K. Substances were synthesized which, slightly 
differing from vitamins B,, B. and C in chemical structure. seem to have 
some measure of the biological activity of these vitamins. These substances 
are called homovitamins. 

In addition to the discovery of homovitamins it has been possible to find 
and synthesize substances which have an opposite effect and are, therefore. 
called antivitamins or pseudovitamins. These substances aggravate avitamin- 
osis causing it even when there is sufficient vitamin in the body or produc- 
ing avitaminosis in an animal in which it cannot be produced by excluding 
the vitamin from the food. For example, by feeding rats -_pyridine-3-sul- 
phonic acid (antivitamin PP) it is possible to produce in them symptoms of 
PP-avitaminosis. 

This activity of antivitamins is explained by the competition between 
them and the vitamins during the interaction with the specific protein part 
of an enzyme. The resemblance between the structures of an antivitamin 
and vitamin makes possible the formation of specific protein complexes 
with both. However, the complex of an antivitamin with a protein does not 
result in the formation of an active enzyme. The deficiency in the latter is 
what finally leads to disorders characteristic of avitaminosis. 

A similar relationship is observed in the world of microorganisms. Many 
pathogenic microbes need para-aminobenzoic acid as a factor of growth. The 
part of antivitamins, as regards this acid, is played by sulfanilamide prepa- 
rations, particularly white streptocide. The addition of streptocide inhibits 
the growth of these microbes. Herice, the importance of sulfanilamide prep- 
arations as chemotherapcutic means, i.e., chemical means for the treatment 
of infectious discases. 

In highly organized animals it is the central nervous system that is partic- 
ularly sensitive to vitamin defficiency. It sulfers especially in B,-, PP- and 
E-avitaminosis. There are also indications that a deficiency in vitamin C 
causes a decrease in cerebral oxygenation. 
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CHAPTET 33 
MINERAL AND WATER METABOLISM 
Biogenic Elements 


The biogenic elements include the essential constituents of animal and 
vegetable organisms without which these organisms cannot exist. Accord- 
ing to the studies of V. Vernadsky’s school most of the elements of the 
periodic system form part of living organisms. It is believed, however, that 
some of them are constituents of the organism accidentally, duc to the pecu- 
harities in the composition of the environment. The following elements 
have been found in the composition of animal and vegetable organisms: 


Nitrogen Calcium Nickel 
Aluminium Oxveen Sulphur 
Boron Cobalt Carbon 
Bromine Silicon Phosphorus 
Vanadium Magnesium Fluorine 
Hydrogen Manganese Chlorine 
Iron Copper Chromium 
Iodine Molybdeenia! Zine 
Potassium Sodium 


The elementary composition of different animal organisms greatly varies, 
mainly in its water content. The body of a jellyfish contains 98 per ceni 
water, the body of a snail—é4.4 per cent and that of a guinea-pig—73.6 per 
cent. The solid residue of these animals varics between 2 per cent (jelly- 
fish) and 26.4 per cent (guinea-pig). The body of a human adult contains 35 
10 42 per cent solid substances. 

The studies of the elementary composition of the solid substances in the 
bodies of animals reveal relatively close figures. In examining sea and river 
plankton, the bodies of a snake, mouse and guinea-pig, A. Vinogradov and 
V. Sadikov found the carbon content for all these representatives of the 
animal world to be within 43 to 49 per cent, hydrogen—7 to 7.5 per cent, 
nitrogen—8 to 11 per cent, and mineral ash—1]1 to 18 per cent. For the 
human body Bertrand cites the following figures: 


Content in % 


Rlements to dry residue 
Carbon... . 48.43 
Oxygen... 23.70 
Nitrogen he oss . 12.85 
Hydrogen . . . 6.60 
Calcium... . 345 
Sulphur... - 1.60 
Phosphorus . . LSB 
Sodium... . 0.65 
Potassium . . 0.55 
Chlorine . . . O45 
Magnesium . . » 010 


The foregoing figures should be regarded only as approximations. Since 
the chemical composition of various tissues and of the different structures 
ol the same tissue differs it is impossible accurately to calculate the content 
of any particular element. This is why the figures cited in scientific litera- 
ture for certain elements (potassium, sodium, sulphur, phosphorus, chlorine 
and magnesium) differ so widely. The essential fact, however, is that the 
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total content of these elements exceeds 99.9 per cent of the weight of thc 
dry residue. Thus, the animal body contains very little of the other elc- 
ments (iron, copper, manganese, cobalt, zinc). For this reason these elements 
are joined in a group of so-called microelements from the biological point 
of view. The physiological role of a number of microclements, as will be 
shown below, is very essential. 


Mineral Metabolism 


Metabolism of phosphorus. The main mass of phosphorus in the human 
body is in the bones in the form of phosphorus-calcium compounds. Mono- 
metallic and bimetallic salts of phosphoric acid are found in all cells and 
intercellular fluids. Certain intermediate products of carbohydrate metab- 
olism (phosphohexoses and phosphotrioses) are esters of phosphoric acid. 
Phosphoric acid forms part of the coenzymes of respiration and glycolysis. 
Tt is a constituent of some lipoids (phospholipids or phosphatides). Finally. 
some of the protein groups (phosphoproteins and nuclcoproteids) also con- 
tain phosphoric acid. 

The incorporation of phosphoric acid or phosphorylation is of considerable 
importance to the processes of absorption and intermediate metabolism of 
a number of substances. Phosphoric acid, thus, participates in the metab- 
olism of most of the essential groups of substances—proteins, fats, carbo- 
hydrates, vitamins, etc. In addition, the salts of phosphoric acid and its 
esters play the part of buffers in maintaining the acid-base balance in the 
tissues. 

Phosphorus is assimilated in the form of salts of phosphoric acid. It is 
eliminated from the organism partly through the mucosa of the large intes- 
tine, but mainly with the urine. Phosphates are the principal buffer sub- 
stances in the urine. The amount of phosphoric acid taken in with the food 
constitutes (in terms of the phosphoric anhydride—P.O;) 2.5 gr. 

Metabolism of sulphur. Sulphur enters the organism as part of the 
proteins. It is found in the latter in a bivalent, i.e., unoxidized, state form- 
ing part of amino acids (cystine and methionine). Some proteins—mucin 
and mucoids—contain sulphur in an oxidized state. The bivalent sulphur is 
oxidized in the organism forming a number of products, particularly tau- 
rine which later forms part of taurocholic acid. Sulphuric acid is used for 
rendering a number of toxic substances harmless (phenols, indoxyl and 
other products); these substances take their source in the products of pro- 
tein conversion putrefying in the large intestine. The main part of sulphur 
is excreted with the urine in the form of salts of sulphuric acid, the much 
lesser part—in the form of twin compounds of sulphuric acid with phenols 
and indoxyl (indican) and, finally, a negligible part of sulphur is eliminated 
unoxidized as part of cystine. The daily amount of eliminated sulphuric 
acid constitutes (in terms of the phosphoric anhydride—SOQO,) about 2.5 gr. 

Metabolism of calcium and magnesium. Osseous tissue contains a very 
high percentage of calcium (8 per cent and even more of the total fresh 
bone). The mineral composition of bone is quantitatively close to the for- 
mula—3 [Ca; (PO,).] ‘CaCO ;. In addition to the constituents shown in the 
formula the bones contain a small amount of magnesium, potassium, so- 
dium, chlorine and fluorine. The skeletal system is the main calcium depot. 

The tissue fluids, particularly the plasma of the blood, also contain cal- 
cium. Part of it is, in this case, in an ionized state, another part is in the 
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form of nonionized compounds in true solution, and the third part is com- 
bined with proteins. All three forms of calcium are in a state of mutual 
equilibrium and the reagents, which precipitate the ionized calcium, pre- 
cipitate all these forms. 

The plasma of the blood does not contain much calcium—10 mg. per cent. 
The calcium ions activate the formation of thrombin, the enzyme that coag- 
ulates blood. The constant concentration of calcium in the blood is very 
important in maintaining the nervous and muscular tissue in a normal state 
of excitability. A fall in the concentration of calcium in the blood plasma 
causes an accelerated heart rate and increased excitability of the nervous 
and muscular systems which leads to tetany (p. 422). The cells have none 
or very little calcium. 

The daily calcium requirements depend on a number of factors: on the 
nature of [ood and on the condition of the body. Under normal conditions 
the body needs from 0.6 to 0.8 gr. calcium per day. During growth and preg- 
nancy large amounts of calcium are required for bone-building. 

In a calcium-deficient diet of adults the calcium requirements of the or- 
ganism may be satisfied for months and even years at the expense of the 
skeletal system. 

Calcium is absorbed from the intestines mainly in the form of complex 
compounds with bile acids. It is eliminated partly with the urine and 
partly through the mucosa of the large intestine with the faeces in the form 
of calcium carbonates and calcium phosphates. The amount of calcium elim- 
inated by the second method depends on the quantity of calcium phos- 
phates in the food: the more of them in the food, the greater the part ex- 
creted with the faeces. The nature of the food is also very important. In a 
vegetable diet, which causes a shift towards alkalosis in the organism, the 
greater part of calcium is excreted through the intestines. A meat diet, 
which fosters acidosis, increases the elimination of calcium with the urine. 
The addition to the diet of substances which cause a shift in the acid-base 
balance in either direction causes corresponding changes in the excretion 
of calcium. 

The metabolism of calcium consumed by the body is influenced by a 
number of food factors: the content of phosphates in the food, the propor- 
tion of acids and bases formed during the metabolic processes and, finally. 
the content of vitamin D. In the absence of the latter, even if sufficient 
calcium is absorbed by the body, ossification docs not proceed normally. 

The concentration of calcium in the blood is regulated by the hormone of 
the parathyroid glands. A derangement in the function of the latter is 
attended by a lower concentration of calcium in the blood which causes 
higher excitability in the neuromuscular system manifested in cramps 
(tetany, p. 422). 

Unlike calcium, magnesium is found mainly in the intracellular sub- 
stance. The tissue fluids and the bones contain much less magnesium than 
calcium. In the cells magnesium forms part of certain enzymatic systems 
involved in glycolysis. Subcutaneous or intravenous injection of magnesium 
results in somnolence and even in anaesthesia. The body consumes and 
excretes magnesium the way it does calcium. 

Metabolism of sodium and potassium. Sodium and potassium are found 
in the organism in the form of chlorides, bicarbonates and phosphates. A 
small part of them is bound by organic salts and proteins. The distribution 
of these two cations in the body differs. Sodium is a quantitatively prevail- 
ing cation in the blood plasma and in the tissue fluids. Three-quarters of 
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the osmotic pressure in these fluids ix determined by the sodium chloride 
they contain. The regulation of the sodium-ion content and its concomitant 
chlorine-ions is, therefore, one of the ways of maintaining a definite osmot- 
ic pressure which, in its turn, causes the passage of water in the tissues in 
either direction. The cells contain a negligible amount of sodium. 

Potassium is, on the contrary, concentrated in the cellular masses where 
its content reaches 300 to 400 mg. per cent. There it is partly bound by pro- 
teins. Potassium-ions are necessary for the activation of certain enzymatic 
systems. The blood plasma and the intercellular fluids contain only 20 mg. 
per cent potassium. An increase in the content of potassium in the blood 
plasma i0 60 mg. per cent. attained under special experimental conditions 
(injection of potassium salts into an animal with extirpated adrenals), quickly 
kills the animal. At the same time complete climination of potassium from 
the fluid passed through the heart leads to cessation of cardiac contractions. 
Experiments in which artificial radioactive potassium was injected have 
shown that despite the great difference in the content of potassium there 
is a constant potassium exchange between the cells and the fluid that sur- 
rounds them. The cellular membranes are, thus, not impermeable to potas- 
sium. A change in the permeability of cellular membranes occurs during 
excitation of muscular and neural elements and these changes are believed 
to be connected with bio-electric phenomena. 

The hormones of the adrenal cortex (corticosterone and kindred sub- 
stances) take part in regulating the concentration of potassium and sodium 
in the blood plasma. 

If the function of the adrenal cortex is impaired the content of sodium in 
the blood plasma of experimental animals decreases while the concentra- 
tion of potassium increases: at the same time the kidneys excrete more 
sodium and less potassium into the urine. In connection with this the ani- 
mal grows sensitive to a greater intake of potassium with the food. Con- 
trariwise, an increase in the amount of sodium in the food brings thesc 
animals relief. In these cases the old theory of the Yuriev professor Bunge 
that the necessity of consuming large amounts of sodium is connected with 
the necessity of excreting potassium excessively consumed with food 
proves right. However, this theory has not justified itself in relation to 
healthy animals and man for whom it was advanced. 

Man requires 4 to 6 gr. of sodium and 2 to 3 gr. of potassium per day. 
Both vegetable and animal foods are rich in potassium. Sodium must be 
specially added to the food in the form of common salt. In some ailments 
(skin tuberculosis, kidney disorders) limited consumption of sodium chlo- 
ride produces a wholesome effect. An excess of sodium chloride in children 
(especially if its solutions are injected subcutaneously or intravenously) 
causes a so-called salt fever. 

Metabolism of chlorine. Chlorine is found in the organism exclusively 
in the form of chlorides, mainly in combination with sodium and to a lesser 
extent with potassium. Like sodium chlorine is found primarily in the 
intercellular fluids. The metabolism of chlorine was, therefore, frequently 
identified with thal of sodium and was referred to as the metabolism of 
sodium chloride. However, chlorine forms part of certain cells, for example 
erythrocytes, independently of sodium. It has now been established that the 
metabolism of chlorine does not always run parallel with that of sodium, 
though it does occur in certain cases. 

The usually consumed daily amount of chlorine constitutes 6 to 9 gr. The 
reserves of chlorides in the organism arc hardly affected by decreased con- 
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sumption of chlorine salts because of a corresponding decrease in the ex- 
cretion of chlorides with the urine. The organism loses a lot of chlorides 
only by excessive perspiration, by using certain diuretics and by repeated 
pumping out of gastric juice if the food consumed is poor in chlorides. The 
loss of large amounts of chlorine by the body (about 20 per cent of the total 
amount) impedes the secretion of hydrochloric acid by the gastric glands. 

Practically, losses of large amounts of chlorides by the human organism 
are encountered during sustained physical work under conditions favouring 
overheating. Marching, hard physical work in a hot climate and work in 
hot shops or in deep mines increase the amount of sodium chloride lost with 
the perspiration which may reach 20 gr. and even more. Its excretion with 
the urine decreases until chlorine-ions fully disappear from the urine. But 
when such large quantities of chlorides are lost the losses cannot be fully 
compensated by decreased excretion of chlorides with the urine. The 
body grows poor in sodium chloride which is manifested in a grave con- 
dition attended by cramps. Consumption of additional quantities of com- 
mon salt prevents this condition. 


Microelements and Their Role 


Iron is found in the body in the form of organic and inorganic com- 
pounds. which include haemoglobin. myoglobin. ete. 

Iron is absorbed in the form of inorganic compounds. Entering the intes- 
‘inal wall, the spleen and the liver it is stored in the form of ferritin which 
is a compound of a hydrate of ferric oxide and protein. Ferritin can be util- 
ized for synthesizing organic iron-containing compounds. During decom- 
position of haemoglobin and other hacm-containing compounds iron com- 
bines either with the haemosiderin pigment or with ferritin again. 

Tron is excreted by the mucosa of the large intestine. This circumstance 
had long impeded the solution of the problem as to the compounds and 
amounts in which iron was assimilated. It has been found that it is ab- 
sorbed in the upper portion of the intestine in the form of iron oxide and 
excreted in the lower portion of the intestine in the form of ferric oxide. 

Man needs 13 to 15 mg. of iron per day. The growing organism requires 
more—about 0.5 mg. per one kilogram of bodyweight. Meantime, milk, 
which is the baby’s only food, contains very little iron. The needs of the 
infant are covered by the reserves of iron in the liver stored in the body 
before birth. The iron requirement during pregnancy is, therefore. higher. 

Copper is an element also necessary to life. Porphyrin compounds 
containing copper and resembling the haem (turacin in bird feathers) are 
known. In some lower animals copper forms part of the blood pigment 
(haemocyanin). The higher animals need copper to stimulate the formation 
of erythrocytes in which a copper-containing protein (haemocuprcin) has 
been found. Copper forms part of some oxidative vegetable enzymes. 

Manganese, apparently, forms part of certain oxidative enzymes; it 
activates arginase and some proteolytic enzymes. 

The organism requires several milligrams of zime per day. The latter 
forms part of carbon anhydrase (an enzyme) and is a constant admixture in 
insulin preparations. There are indications that zinc has something to do 
with cell reproduction. It is found in greater quantities in tissues capable 
of vigorous reproduction or containing many nucleoproteids (liver, sexual 
glands, tissues of malignant tumours). 
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Cobalt forms part of vitamin Bs necessary for normal blood formation. 
Lack of cobalt in the soil of pastures leads to epizootics. 

In some of the lower animals silicon is the main constituent of the ex- 
ternal skeleton. The connective tissues of the higher animals always con- 
tain a certain amount of silicon. People working in an atmosphere of silicate 
dust develop so-called silicosis of the lungs because the silicate dust pene- 
trates into the lung tissues. 

Bromine in its metabolism parallels chlorine. The blood and the tissues 
contain smal] quantities of it. Taken in certain amounts bromides intensify 
the processes of inhibition in the cerebral cortex and re-establish the equi- 
librium between the processes of excilation and inhibition. When larpe 
quantitics of bromides are consumed HBr is secreted in the gastric juice 
together with the HC]. 

Iodine forms part of thyroxin, the hormone produced by the thyroid 
gland. Its total content in the organism is negligible—about 0.025 gr. Never- 
theless, a deficiency in iodine in the food and drink results in serious ail~ 
ments—endemic goitre, myxoedema and cretinism (sce chapter on the 
thyroid gland). 

Fluorine forms part of the dental enamel. In a deficiency of fluorine in 
drinking water human teeth casily decay (caries). 

Chromium. There are indications that chromium salts take part in 
activating trypsin. 

The role of a number of other microelements still needs investigating. 


Water Metabolism 


Water constitutes the greater part of the bodyweight of animals. The 
body of man contains approximately 65 per ceni water. Its content in the 
different tissues varies very greatly: the skeleton contains about 20 per cent 
water, the liver, muscles, brain, skin, heart and connective tissuc-—70 to 
80 per cent, the blood—about 80 per cent, and the other fluids of the body 
and secretions (milk, perspiration, gastric juice) 90 to 99 per cent. In the 
young the tissues contain more water. 

Both the cells and the intercellular substances form a complex hetero- 
geneous system the separate phases of which contain waler as a necessary 
constituent. Aqueous solutions of mineral and organic substances fill the 
tiniest. nuclei of cellular structures and form the basis of tissue fluids. Par- 
ticles of water form part of the denser structures of which the cellular and 
intercellular structures are made. It is uncommonly hard, for example, to 
extract the last particles of water from protein preparations. 

Thus, in addition to free water we must take into account the bound 
water in the form of hydration water. 

Water is a fine solvent for a large number of substances and a medium 
in which most of the chemical reactions connected with metabolism, and 
consequently with life, take place. 


From the physicochemical point of view water is a liquid which has a number of 
properties conditioned by the sharply pronounced polarity of its particles. This 
explains why despite its low molecular weight water is a liquid at ordinary tem- 
Peratures and a solid at 0°. Substances composed of nonpolar molecules even with a 
higher molecular weight are pases ut room temperature (curbon dioxide, hydrocarbons 
with up to six atoms, nitric oxide, etc.). The polar structure of the water molecules 
explains the extremely high dielectric water constant which aids in the clectrolytic 
dissociation of a number of substances dissolved in water. Water itself is a weak 
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electrolyte which dissociales into H+ and OH— ions. These ions possess the properties 
of catalysts which accelerate the course of a tremendous number of most diverse 
reactions. The polar structure of water determines the firmness of its intermolecular 
bonds as a result of which water has a high thermal capacity and a very high specific 
heat which is of great importance to the physiology of heat repulation. 


The organisms of land animals take in water with drink and food. A cer- 
tain amount of water is produced in the organism itself during oxidation of 
a number of substances. In complete oxidation 100 gr. of fat form 107 gr. 
of water, 100 gr. of starch—55 gr. of water, and 100 gr. of protein—41 gr. 
of water. 

The total daily water requirement of man constitutes approximately 
2.5 litres. 

Water leaves the human organism through the kidneys with the urine 
(about 1.5]it.), through the lungs in a vaporous state (about 400 ml.), 
through the intestines with the faeces (about 200 ml.) and through the skin 
(about 500 ml.). Water is lost through the skin by perspiration and by elim- 
ination in a gaseous state (perspiratio insensibilis*—imperceptible sweat- 
ing). The latter is, apparently, a purely physical process of water permea- 
{ion through the membranes and its evaporation without the participation 
of the sweat glands. 

The aforementioned quantitative correlations may greatly alter under 
different conditions of existence. Thus, in some ailments (diabetes mellitus 
and diabetes insipidus) the kidneys may eliminate cnormous quantities of 
water (8 to 10 litres per day). In dyspnoea during muscular work or in the 
mountains the amount of water eliminated through the lungs increases. 
During work in hot shops or in hot weather the amount of water lost 
through the skin may reach 6 to 10 litres. In diarrhoeas considerable quan- 
tities of water are lost through the intestines. In all these cases man cx- 
periences thirst which impels him to drink morc water. 

The absorbed water is carried with the blood throughout the body and is 
retained by various organs. The muscles and the skin are of essential im- 
portance as water depots in the organism. Experimental hepatectomy in 
un animal causes the latter to lose its ability to retain reserves of water 
in the body (V.Savich, M. Petrova et al.). 

During considerable losses of water the content of the latter in the blood 
diminishes but slightly because the loss of water is compensated by passage 
of water from the tissues into the blood. The organism endures water 
hunger with great difficulty. By taking water the “marathon fasters” got 
along without food for close to 50 days. Animals can live but a few days 
if they consume dry food without water. 

Water is eliminated by the kidneys, the skin and the intestines in the 
form of a solution containing salts. Retention of water by the tissues is also 
influenced by the content of salls in the blond and in the tissues. Salts are 
the principal constituents by means of which the osmotic pressure observed 
in the cells and in the tissue fluids is formed (p. 49). Water metabolism is, 
thus, closely connected with that of minerals, particularly with the metab- 
olism of sodium chloride. We therefore often speak of water-salt metab- 
olism. Water is best retained by the organism when taken in in the form 
of a salt solution isotonic to the blood. Colloid-osmotic pressure also exerts 
considerable influence on the redistribution of water between the blood and 
the tissues (p. 75). 


s The idea of perspiratio insensibilis includes the total loss of water through the 
lungs and skin without the participation of the sweat glands. 
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Water metabolism is, apparently, influenced by the hormones of many 
glands of internal secretion (thyroid, sex glands, adrenals, pancreas, liver), 
but the hypophysis is an especially important organ in regulating water 
metabolism (p. 430). The functions of the hypophysis and the other endo- 
crine glands are in turn controlled by the central nervous system. The 
regulation of water metabolism is, thus, effected by the nervous system 
through the glands of internal secretion and the excretory systems (kid- 
neys, sweat glands, intestines). respiration and, finally. through influencing 
the functional states of various tissues. 


PART VIII 
ENERGY EXCHANGE 


CHAPTER 34 
ENERGY EXCHANGE IN THE ORGANISM 


In order to exist an organism must continuously cxchange substances with 
the external environment. 

All metabolic processes in the organism are attended by transformations 
of chemical energy into other forms of energy—thermal, mechanical. radi- 
ant and electric. 

The general trend in metabolism and the exchange of energy inseparably 
connected with it are characterized by processes of oxidation and reduction. 
This is accompanied by conversion of substances rich in energy into sub- 
stances with a lesser energy potential and a liberation of some form of 
energy. 





Development of Principal Ideas of Energy Exchange 


The development of our knowledge of the transformations of substances 
in the organism is closely connected with the establishment. of the principal 
laws of physies and chemistry. the laws of conservation of matter and 
energy. The first scientific postulates on these problems were formulated 
by M. Lomonosov who discovered the universal law of conservation of 
matter and motion (formulated in a letter to Eiler in 1748 and published in 
1760). “All changes which occur in Nature,” wrote M. Lomonosov, “are of 
such a character that any amount of whatever one body loses is added to 
another. Thus, if some matter is lost in one place it increases in another 
plaee.... This universal natural law also extends to the very rules of 
motion because a body thal. moves another body by its own force loses as 
much of it itself as it imparts to the body which receives its motion 
from it.” 

Lomonosov found that when iron was tempered it grew heavier because 
of the addition of a constituent of air. Then came the discovery of oxygen 
made in 1774 almost simultancously by Scheele in Sweden, Priestley in 
England and Lavoisier in France. In connection with the discovery of oxy- 
gen Lavoisier showed that when coal burned or an animal breathed in a 
closed space its content of oxygen diminished and the content of the “gas 
which dulls lime,” i.e., carbon dioxide, increased. 

Later Lavoisier and Laplace jointly conducted their first experiments in 
the calorimeter they had devised. These experiments established that the 
amounts of heat produced by the breathing of the guinea-pig and the burn- 
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ing of coal were approximately equa! if the same amount of carbon diox- 
ide was liberated as a result of the burning and breathing. It consequently 
dawned on Lavoisier that carbonaceous substances burned in the body and 
he formulated his thesis: breathing is slow burning. 

The relationship between the formation of carbon dioxide and the 
amount of heat produced, established by Lavoisier, served as the point of 
departure for many investigations which proved that these theses applied 
{fo man and animals alike and, thus, showed that the laws of physics 
and chemistry were 
applicable to energy 
transformations in 
the body. 


fet 





Subsequent studies of 
the problem were made 
by Regnault and Reiset 
849) who found there 
was a definite relation- 
ship between the produc- 
lion of carbon dioxide 
and the consumption of 
oxygen in the respiration 
of animals. They, too, 
developed the principal 
methods of — studying 
gaseous exchange, 

The investigations of 
the Dorpat physiologists 
Bidder and Schmidt 
proved very important 
to the development. of 
the study of metabolism. 
Thescinvestigators found 
(1852) a considerable can- 
stancy in the production 
of carbon dioxide by 
man and animals which 
they observed curing 
thcir studies day after 
day and, thus, substan- 
tiated Ihe existence of 
basal metabolisin (p. 354). 


The construction, 
first by V. Pashutin 
Antoine Laurent Lavoisier (1883) and later by 

his pupil A. Likha- 

chov, of a calorimeter for man and large animals represented a major 
achievement. The investigations conducted by Pashutin and Likha- 
chov showed there was a strict interdependence between the amount of 
oxygen consumed by the body, the production of carbon dioxide and the 
formation of heat liberated by the organism. Thus, they established a regu- 
larity which makes it possible to use the mcasurements of the liberated 
heat or the determination of gaseous exchange for the quantitative eval- 
uation of chemical changes in the body. Likhachov’s studies, reported by 
him at the International Mcdical Congress in Rome in 1893, for the first 
time proved the existence of these relations between gaseous exchange and 
heat production, and established the applicability of the principal physical 
and chemical laws to the study of metabolism and energy exchange in man. 
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These investigations proved very important to the development of the 
materialist principles of biology and to the struggle against vitalism. 

I. Sechenov’s studies, first of the gases in the blood (Chapter 20), and 
later (together with his pupil M. Shaternikov) of gaseous exchange in man 
and animals were very important to the knowledge of metabolism. 

The ideas of metabolism in the body, formed over more than 150 years, 
sprang from the concept that the level metabolism was strictly constant. 
According to these ideas metabolism changes only in connection with the 
work done by the body, with the intake of food, with the processes of juice 
secretion and absorption connected with food consumption, and with the 
influences exerted on the body by the temperature of the external environ- 
ment. Summed up these influences determine, according to the analytical 
physiology of the 19th century, the general level of metabolism in the body 
and the energy output at cach given moment of its vital activity. 

These ideas were unable to explain a number of changes taking place 
in the body in the process of its adjustment to environmental conditions 
(for example, temperature), conditions of altered nutrition (for cxample, 
complete or partial starvation), repeated muscular activity (for example, 
training). Embracing only the narrow factual aspect of the metabolic 
changes the pre-Pavlovian investigators were unable to establish a relation- 
ship between the Jaws regulating metabolism and those governing the 
development of the body, i.c., the principles of evolutionary theory. 

Only by studying metabolism in an integral organism in its various rela- 
tionships with its environment from the positions of Pavlovian physiology 
has it been possible to link the studies in the energetics of the organism 
with the investigations of the forms and nature of the influence of labour, 
nutrition, sports, climate, ecological factors, ete., on metabolism (and other 
physiological functions). It has been shown that it is possible to develop 
conditioned reflexes in response to metabolism in its diferent manifesta- 
lions (gaseous exchange, carbohydrate metabolism, protein metabolism, 
ete.). This has established the cardinal fact that. the total vital activity of the 
body, reflected in the intensity of metabolism, depends on any agent in the 
external and internal environment of the organism, i.e., agents which are 
connected in time with the effect of factors that aller metabolism as inborn 
reflexes (for example, work, changes in temperature), owing to which they 
become signals for the cffect of these factors. 

The studies in the metabolism of man and animals conducted in this 
direction have shown that the “higher equilib:ium” (I. Pavlov’s expression) 
of the body with its environment is attended and determined by profound 
changes in all the chemical processes in the organism. This fact closely 
connects Pavlov’s teachings with the principles of Michurin’s biology. Both 
these teachings regard metabolism as the principal line of the organism’s 
communication with the external environment. and, hence, as one of the 
most important factors in the evolution of the organic world. 


Studying the Energy Output in the Body 


The total energy output in the body can be most accurately determined 
by the amount of libcrated heat expressed in calories (1 large calory or 
1,000 small calories correspond to 427 kg-m. of mechanical work). 

The transformations of energy in the body are very complex and are not 
always attended by an immediate transformation of all the liberated energy 
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into heat. In muscular contractions 20 to 25 per cent of the liberated energy 
is transformed into mechanical work, while a negligible part of it manifests 
itself in the form of electric energy. In the long run, however, all work 
done in the organism, all forms of energy change to thermal energy. Thus. 
for example. the mechanical work of the heart muscle changes to the kinet- 
ic energy of the blood stream; this kinetic energy is spent in the form of 
heat in the friction of the blood against the walls of the blood vessels and 
in overcoming the internal friction (viscosity) of the blood. The energy of 
muscular work is also fully transformed into heat except the work conncct- 
ed with lifting loads (without the subsequent lowering) to a certain height. 
In the latter case the kinetic energy of the muscular movement is trans- 
formed into the potential energy of the load lifted to the given height; this 
energy is fully changed to heat when the given load falls to the level from 
which it was lifted. 

Part of the energy liberated in the organism is utilized for endothermic 
reactions of synthesizing more complex substances from simpler ones (for 
example, glycogen from lactic acid). This energy is not lost, but is retained 
in the body in the form of an increased reserve of chemical energy. In 
determining the total value of the energy output we do not, therefore. 
have to take inio account the part of energy spent on endothermic reac- 
tions. 

The amount of heat liberated by the body is an accurate measure of its 
total energy output. The measuring of the quantity of heat liberated during 
a reaction is called calorimetry. In order directly to measure the heat liber- 
ated by the body (direct calorimetry) the animal is placed in a calorimeter. 
The calorimeter is a hermetically scaled chamber with double walls and 
water circulating between the walls. The outer wall of the chamber is wel! 
insulated to prevent the loss of heat. The heat liberated by the man or ani- 
mal in the chamber is transmitted to the water circulating between the 
walls of the calorimeter. Since the amount of water and the rise in its tem- 
perature are known it is possible to measure the total quantity of the heat 
liberated. 

It has already been mentioned that the first calorimeter for man was 
built by A. Likhachov in V. Pashutin’s laboratory. In this device man could | 
only sit or lie. A larger calorimeter was built by the American investiga- 
tors Alwater and Benedict. The results of their investigations confirmed the 
principal inferences made by A. Likhachov. 

Modern calorimeters are very intricate and cumbrous, and a number of 
precautions must be taken to prevent the loss of heat by the device itself. 
However, calorimeters have made it possible to measure accurately the 
amount of heat liberated by the body and, thus, offered the opportunity for 
comparing the value of the total energy liberated by the organism in the 
form of heat with the quantity of oxygen consumed and carbon dioxide 
produced, i.c., with the value of the gaseous exchange, as well as with the 
caloric value of the food taken. 

Table 14 shows some of these computations. 

The considerable coincidence in the results obtained in studying the 
energy exchange by the method of direct calorimetry and the method of 
gaseous exchange (see p. 348) has almost madc it possible to relinquish the 
calorimeter as an intricate and expensive device for determining the energy 
output; studies in gaseous exchange, i.e., indirect calorimetry, are widely 
conducted today. The studies of the caloric value of foodstuffs were of great 
importance to the development of the principles of indirect calorimetry. 
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Tabl214 
Energy Intake and Output (Studied with Aid of Calorimeter) in Man in 24 Hours 


Energy Intake Energy Output 
Food consumed fin gr.) i large calorica Channels of hat production lurge calories 
Protein SOB... .....6...00- 237 Heat liberated from the sur- 
face of the body ........ 1,374 
BU Ve ee RE ah EE 1.307 Haun loss with expired wir.. 43 
Carbohydrates 79.9. ....... J35 Heat eliminated with arine 
and faeces. oo. ee 23 


Teat loss with evaporation 





of water through the lungs Isl 
Theat fost by evaporation of 
water from the skin ..... 227 
COECK a eaaa E) 
Tinah... I.s7o Tor oo, 1.59 * 


In 1873, the Russian physiologist V. Danilevsky determined by methods 
of thermochemistry the different amounts of heat produced during the 
combustion of foodstutfs. These studies were subsequently elaborated by 
the German physiologist Rubner and the American physiologist Benedict. 

One of the inferences of the law of conservation of energy established 
by the Petersburg Academician Hess states that the total energy of any 
chemical reaction does not depend on the course this reaction takes. If, for 
example, one gr. of sugar is fully oxidized to carbon dioxide and water 
the amount of energy liberated is absolutely the same whether the sugar 
was burned or oxidized by enzymes. Thus, by determining the heat pro- 
duced in the combustion of foodstuffs outside the body it is possible to 
establish the amount of heat liberated in the body during the oxidation 
of the same quantity of foodstuffs. 

Given the weight of the foodstuffs oxidized by the body (at a con- 
stant body weight) and the caloric value of each gram of the assimilated 
substance we can approximately calculate the energy output in man and 
animals. 

The calorific capacity of foodstuffs is studied in a small calorimeter known as 
Berthelot's bomb calorimeter. The bomb calorimeter is a hermetically scaled reservoir 
filled with oxygen and immersed in a Waler bath. An accurately weighed amount of 
a foodstulf is placed in the reservoir; by passing an electric spark through the bomb 
this foodstuff is burned and the amount of heat. produced by the burning of the given 
substance to carbon dioxide and water is recorded (in large calories) by the change 
in the temperature of the water in the bath. If, for example, the tempcrature of 
4,000 gr. of water rose after burning one gr. of starch from 15 to 16.025°C it means 


that one gr. of starch produced 4.000 X (16.025 — 15) = 4,000 X< 1.025 = 4,100 cal., or 
4.1 large calories, 


Fats and carbohydrates are oxidized to carbon dioxide and water both in 
the bomb calorimeter and in the body. It is somewhat different with pro- 
teins because urea is one of the products of protein oxidation. During its 
subsequent oxidation 1o nitrogen, carbon dioxide and water urea liberates 


* The small difference of 20 large calories is due to certain inaccuracics in the very 
complicated methods of calorimetry. 
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a certain amount of heat. To determine the quantity of heat liberated in the 
body during the oxidation of one gr. of protein the following simple calcu- 
lation is, therefore, made: the heat produced by the combustion of the 
amount of urea which is formed during the oxidation of one gr. of protein 
in the body is subtracted from the heat liberated by the combustion 
of one gr. of protein in the bomb calorimeter (5.4). Since the heat pro- 
duced by the combustion of the urea formed in the body from one gr. of 
protein equals 1.3 large calories in determining the physiological calorific 
capacity of proteins this value is subtracted from the heat produced by the 
complete combustion of the protein in the bomb calorimeter. 

The calorific capacity of the nutritive substances differs in various food- 
stuffs, for example, for butter and beef fat, vegetable and animal proteins. 
etc. With the knowledge of the calorific capacity of different foods we can 
make the necessary estimates with considerable accuracy. Table 15 shows 
the calorific capacity of some foodstulfs, 


Table 15 
Heat Produced by Combustion of One Gram of Foods 


Substance Hvat in hange Calories 
CWO Le ee 3.7 
Naccharose 20.02. ee 4.0 
SlOPOlis ice cece arene das 4.1 
Pork: Watts ssw oe. b os wa 
Mutton faut... aaan 5 
Butter Yasoni wate aig cise 9.2 
Caseira ro taalta centia h 5T 
Egg white ....seusssnusena 5T 
MURCIO ss ira n eee 7 
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Of the foods consumed the body assimilates an average of 98 per cent of 
the carbohydrates, 92 per cent of the proteins and 95 per cent of the fals. 
The production of heat resulting from the oxidation of foods is taken at 4 
large calories per one gr. of carbohydrates and protcins cach and 9 large 
calories per one gr. of fats. If we know the amount of protcins, carbohy- 
drates and fats (in grams) consumed with the food during a certain period 
of time we can estimate the amount of energy spent during the same time. 
To do this we must multiply the amount of consumed proteins and carbo- 
hydrates (in gr.) by 4 and the amount of fats by 9, and add the products. 

This method of estimating the total value of the body’s energy output is 
called the method of food rations; it requires no instruments: the quantity 
of the consumed food is calculated and the caloric value of the food is com- 
puted from tables of caloric values. 

This method is not accurate, however, because the body may store up 
some of the nutritive substances taken in with the food (mainly in the form 
of fat) or, on the contrary, utilize some of the substances formerly accu- 
mulated in the organism over and above those consumed with the food. An- 
other shortcoming of this method is the impossibility of studying by it the 
energy output over short periods of time and the difficulty of calculating 
the food ration. One of its indubitable merits is that it does not interfere 
with the daily routine of the people under observation and that the obser- 
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vation is conducted under conditions closest to reality. The method of food 
rations is, therefore, used for controlling the general caloric value (see 
p. 357) of the food rations of man. The results are the more accurate the 
greater the number of people concerned and the longer the period of in- 
vestigation. In controlling the constancy of body weight this method may 
serve for the summary determination of the encrgy expenditures of individ- 
ual groups of the population, separate occupations, in closed institulions 
with regulated diets, etc. 


Studying Gaseous Exchange as a Method of Determining 
Energy Output 


Since there are precise relationships between the amount of heat liber- 
ated by the body, the carbon dioxide produced and the oxygen consumed 
it is possible to utilize the data of the studies of the gaseous exchange to 
determine the energy output in calories. This method is very extensively 
used because it is simple, the instruments are portable and results are 
quickly obtained. 


In investigating general metabolism in addition to studying the total value of the 
energy expenditures it is also important to find out what substances are oxidized in 
the body during a certain period of time. Proteins, fats and carbohydrates are oxidized 
in the body in varying quantitative proportions. In order to estimate the part of 
proteins in the total metabolism it is necessary to determine the amount of nitrogen 
eliminated with the urine. Since proteins contain 16 per cent nitrogen 

“u 1G o lopa 
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where a is the amount of nitrogen (in grams) eliminated with the urine, and x is the 
unknown quantity of protein metabolized in the organism, By multiplying this valuc 
by 4.1 (physiological caloric equivalent of protein) it is casy to find the umount of 
energy produced in the organism by the conversion, particularly, the oxidation of 
prolein. For practical purposes, however, it is often quite unnecessary to determine 
the nitrogen in the urine for estimating the total energy exchange. 


The studies of heat produced by the combustion of each type of food in 
the bomb calorimeter show that a definite amount of oxygen consumed and 
carbon dioxide produced corresponds to a definite number of calories of 
liberated heat. Since we know the composition of the substance studied we 
can easily calculate the amount of oxygenit requires for its complete oxidation 
to carbon dioxide and water. Thus, for example, one gram-molecule of glu- 
cose weighs 180 grams and requires for its oxidation 6 gram-molecules of 
oxygen which take up a volume of 6 X 22.4 - 134.4 lit. (at 0°C and 760 mm. 
pressure). Since 3.75 large calories are liberated during the oxidation of one 
pr. of glucose it follows that the consumption of 134.4 lit. of oxygen which 
oxidizes 180 gr. of glucose leads to the liberation of 180 X 3.75 = 675 large 
calories. This means that for one litre of oxygen consumed 675 : 134.4, i.e., 
about 5 large calories are liberated. In this manner the caloric value of 
oxygen is determined for each fully oxidized substance, i.e., the amount of 
heat liberated during the complete oxidation of the given substance to car- 
bon dioxide and water for each litre of oxygen consumed. This value will 
correspond to 5.0 for carbohydrates, 4.7 for fats and about 4.85 large calo- 
ries for proteins. 

With knowledge of the caloric value of oxygen it is possible accurately to 
estimate the energy output by determining the amount of oxygen which 
the organism has consumed during the given period of time. Thus, by 
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determining the gaseous exchange we can find the exact value for the 
energy output. 

It is always possible to determine with utmost accuracy by the chemica! 
formula (or by the weight composition of C, H and O) of a substance how 
many grams or fractions of a gram of this substance one litre of oxygen wil! 
oxidize. 

The amount of oxygen required to oxidize a given substance, as well as 
the proportions of the oxygen and carbon dioxide produced during the oxi- 
dation, will depend on the chemical composition of the oxidized substance. 
i.e., on the proportions of the carbon, hydrogen and oxygen in it. 

During the oxidation of glucose the consumption of 6 gram-molecules of 
oxygen is accompanied by the liberation of 6 gram-molecules of carbon 
dioxide: 

C,H, .0; + 6 O., = 6 COs + 6 H,O. 


Since the volume of the gram-molecules of any gas at equal temperature 
and equal pressure is the same it follows that during the oxidation of car- 
bohydrates the volume of the oxygen consumed and the carbon dioxide 
produced will also be the same. 

The ratio between the volume of carbon dioxide produced by the 
organism and the volume of oxygen consumed during the same period of 
time is known as the respiratory quotient. Hence, during the oxidation 
of carbohydrates the respiratory quotient will equal one. The ratio will 
somewhat differ in the oxidation of fats. The following is the formula for 
tripalmitin oxidation: 

2 C;,Hsa0, -4. 145 O,» T 102 CO. + 98 H.O. 


Tripalmitin 


Since the molecule of tripalmitin contains relatively little oxygen the 
oxidation of tripalmitin will require very much outside oxygen. In this 
case the respiratory quotient will be 0.703. For other fats it is 0.70 to 0.72. 
In the oxidation of proteins the respiratory quotient cquals approx- 
imatcly 0.85. 

The respiratory quotient quite accurately indicates the nature of the 
substances oxidized in the body. If the respiratory quotient equals one or 
approximates this value it means that carbohydrates, or mainly carbo- 
hydrates, are being oxidized in the body: it follows that for every litre 
of oxygen consumed about 5 large calories will be produced. If the re- 
spiratory quotient approaches 0.7 it is mainly fats that are being oxidized 
in the body and about 4.7 large calories are produced for every litre of 
oxygen consumed. 

Usually proteins, fats and carbohydrates are oxidized in the body in 
various proportions and the respiratory quotient is, therefore, between 
0.7 and 1. 

For an accurate estimate of the amount of oxidized foodstuffs and their ratios we 
determine the so-called nonprotein respiratory quotient; for this purpose the amount 
of converted protein is estimated by titrating the amount of nitrogen in 
the urine during a certain period of time (ut least 24 hours). Then by 
subtracting from the total amount of oxygen consumed and carbon dioxide produced 
the amount of gas corresponding to the oxidation of the converted protein we get 
from the remaining quantities of oxygen and carbon dioxide the respiratory quotient 
refiecting the ratios of the oxidized fats and carbohydrates. The closer the respiratory 
quotient is to one the greater the part of carbohydrates in the metabolism. To 
simplify these computations a table has been composed also showing the part played 
by fats and carbohydrates in the total metabolism (Table 16). 
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Table 16 


Part Played by Fais and Carbohydrates and Caloric Value of One Litre 


Respiratury Quotient 


of Oxygen at Different Respiratory Quotients 


| Liberace! Gy oxidation From total 


amount of energy Calorie value of 
es ef Lii. of oxs yon 
Carbohydrates flarce ents 


Fats (in?) 


ae loo 0 4.69 
ND 5 4.74 

iss 6S i2 4.80) 
oF i 4u2 

fa 17 s3 1.08 
0 Jou 302 


Table 16 shows that cach respiratory quotient between 0.7 and 1 corresponds to u 
definite ratio between the amount of futs and carbobydrates consumed during the 
investigation and to a definite caloric value of oxygen (between 4.69 and 5.02). By 
multiplying the calorice value thus found by the number of litres of oxygen consumed 
during the investigation we find the amount of energy (in large calories) liberated 
in the organism during the same period. 


The respiratory quo- 
tient accurately reflects 
the part played by Tats 
and carbohydrates in 
metabolism only if all 
of the carbon dioxide 
formed during the given 
period is eliminated by 
the lungs and if there is 
no conversion of some 
nutritive substances in- 
to others (for example, 
carbohydrates into fats). 


lf the ventilation of the 
lungs increases out of pro- 
portion to the increase in 
the production of CO, in the 
organism (hyperventilation) 
the partial pressure of 
carbon dioxide in the alve- 
alar air drops. The difference 
between the partial pressurc 
of CQO. in the alveolar air 
and its tension in the blood 
increases; as a result CO, 
is liberated into the lungs; 
this is not only the carbon 
dioxide produced by the 
metabolism in the tissues. 
but also the CO, thal split 
off from the bicarbonates 
of the blood. With such 
“washing” of CO: out of the 
organism its amount produc- 
ed during a definite period 


i 
Hi 
nI 
j 


í 


Fig. 141. Diagratm of respiration apparatis, 
a-lid: b -water lock; ¢-—manometer; d metal tube Jonding onto 
chamber is connected with rubber hose (ej) having champ and bulh; 
forubher hose of receiver for taking samples of air, Air filling 
chamher is mixed by preesing on rubber bull, At ond of experiment 
clamp fg) is removed and air filly the chamber is tranaforred to 
apparatus for analysing O, and CO, content. Animal is observed during 

entire experiment through hermetically sealud glass. 
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of time does not correspond to the intensity of the oxidative changes in the box: . 
Under the circumstances the respiratory quotient rises to 1.5 and higher. The sam 
thing occurs when the CO. is displaced from the bicarbonates by acids (for exampi 
lactic acid) formed as a result of metabolism. In these cases the amount of carbo; 
dioxide eliminatcd from the organism exceeds the amount of the gas produced in th: 
processes of oxidation. The respiratory quotient rises, therefore, both in hyper. 
ventilation and in the displacement of CO» from the bicurbonates by the acid produc: 
of metabolism reaching 1.5 and even 2, but these values are, of course, of no signiji. 
cance in establishing the nature of oxidative changes in the body. When the factar:. 
causing the excess climination of carbon dioxide from the body cease to operate thi 
superfluous alkaline equivalents begin to bind the carbon dioxide produced in th 
course of metabolic changes. That is why after the rise of the respiratory quotient: 
resulting from the “washing out” or displacement of the carbon dioxide from the 
blood less of this gas enters the exhaled air than is formed during the oxidative 
processes. The respiratory quotient then drops (to 0.4 and even lower), but this in nu 
way reflects the chemical nature of the substances oxidized in the body. Hence, the 
conclusion important in determining the gaseous exchange: studies for short periods 
of time may be conducted only when there is a full dynamic equilibrium between 
the composition of the alveolar air and the pases in the blood. Otherwise it is neces- 
sary to prolong the experiment to the point when all the changes connected with the 
excess “washing out” of carbon dioxide (or its displacement) from the bicarbonates 
of the blood and its subsequent intensified binding have been equalized. 


The respiratory quotient cannot be used for determining the nature of 
the substances oxidized in the organism when carbohydrates are intensively 
converted into fats, which is the case. for example, in steatosis. Since car- 


T 
| 
i 





Fig. 142. Diugram of Xhaternikov’s closed respiration apparat un. 
Motor H is continuously driving nir through ehamber along tubes a and b, through 
sytem including absorber of water vapours (A J, absorber of carbon dioxide (Y) and 
coil (Z) wet in water whieh serves to coo) the wir heated by the animal. Chamber is 
connected with system Zt,- through whieh oxygen in added) to chamber to replace 
oxygen consumed by animal. Oxygen is fed inte chamber automationlly; amount ol 
oxygen added in necurately mensured hy level of the liquid in tube d,. In ealaulatings 
van metaboliam readings of manometer (M) and thermometer (T), installed in the 
chamber, are taken into consideration. Arrows show direction of movement. of air 

and oxygen. 


bohydrates contain more oxygen than do fats part of the oxygen is used 
for the oxidative changes during the conversion of carbohydrates into 
fats, owing to which the amount of oxygen consumed from the air 
diminishes and the respiratory quotient rises. Thus, for example, the re- 
Spiratory quotient in geese being fattened may reach 2. The respiratory 
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quotient, as has been shown above, is close to 0.7 with a fat diet and 
approaches 1 with a carbohydrate diet. A low respiratory quotient is 
usually observed in starvation because of the oxidation of fats and some- 
times for the same reason when studied on an empty stomach. The deter- 
mination of the respiratory quotient is the more reliable ihe longer the 
period during which the gaseous exchange is studied. 

The method of studying gaseous exchange essentially consists in the 
fact that the composition of the inhaled (external) and exhaled air is 
investigated and the amount of climi- 
nated carbon dioxide and consumed 
oxygen is judged by the difference in 
the composition. The inhaled air (any- 
where in the world and at any altitude 
up to 12 and even 15 kilometres above 
sea level) has the following composi- 
tion: 20.94 per cent O., 0.03 per cent 
CO, and 79.03 per cent N, (including 
argon and the other inert gases). If, for 
example, the exhaled air contains 16.74 
per cent O, and 3.53 per cent CO, cach 
100cm." of air taken in through the 
lungs has 4.2 cm. of consumed O, and 
3.5 em.? of eliminated CO.. 

The instruments for studying the 
gaseous exchange differ quite a good 
deal because the gaseous exchange in 
man and in animals is determined under 
various conditions and at different 
periods of time—from a few minutes 
to 24 hours and more. 

The most accurate method for study- 
ing gaseous exchange in protraced ex- 
periments, especially in animals, is the 
chamber method. Fig. 143. Installation for measuring 

The simplest modification of the g" metabolism in man (after Krogh). 
chamber method (Fig. 141) consists in Ihis air Gts merement w shown by arowa 
the fact that the investigated animal is filed with oxygon (or air) beforehand. Klim- 
is placed ina hermctically sealed ordi- inated earhon dioxide is absorbed by soda 

` lime (54. Oxygen conaumed is measurcd by 
nary metal, more rarely glass, chamber the lowering of the spirometer cylinder, which 
of a certain volume (pneumatic cham- is recorded on kymopraph (K). 
ber). Before the experiment the com- 
position of the chamber air is determined by analysing a sample of it in 
Haldane’s gas analyser. Given the volume of the chamber and the 
composition of the chamber air it is not hard to compute the amount of 
oxygen and carbon dioxide contained in the chamber before the experiment. 

The animal is placed in the chamber and samples of the chamber air. 
changed as a result of the animal's respiration, are taken and analysed 
at certain intervals of time. Since the exact volume of the chamber is 
known the content of oxygen and carbon dioxide is computed and the 
amount of oxygen consumed and carbon dioxide eliminated during the 
experiment is judged by the difference from their content in the beginning 
of the experiment. Since these values are known it is possible to compute 
the respiratory quotient and the output of energy in calories. 
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The drawback of the pneumatic chamber method is that the experiment cannn: 
be continued very long because carbon dioxide accumulates in the chamber and the 
partial pressure of oxygen drops. i 

The chambers built after the same model but equipped with a device for ventilatin: 
the air are better; in these chambers air is sucked in during the entire experimen 
through special absorbing reservoirs in which the accumulated carbon dioxide 1. 
absorbed in an alkaline solution. The elimination of carbon dioxide leads to a drop 
in the pressure within the chamber. This is made use of to replace the carbon dioxid- 
in the chamber by oxygen from special gas-metcrs. In this case the consumption of 
oxygen is determined by its diminution in the gas-mcters, while the production w 
carbon dioxide is found by titraling the alkaline solution in the absorbers before 





Fig. 144. Installation for determining gas metabolism in man (atter Zuntz Haldane). 


Man lying on couch esbals through gas ameter (0): dial hand makes it possible to measure amount of air 
passing through jasaneter. Special valves, through which examined person breathes, separate inhaled 
air from the exhaled and lend all exhaled air only through meter. A small portion of exhaled air is eolleetcad 
in spovial containers (73). Air colleerod in contamors is subsequently analysed in Elldane’s apparatus (C). 


and after the experiment. This chamber makes it possible to continue the experiment 
for a very long time. A very convenient chamber model was developed by M. Shater- 
nikov, I. Scchenov’s pupil (Fig. 142). 

A system of carbon-dioxide absorbers and a gas-meter (spirometer) filled wilh oxy- 
gen are often used for determining the gascous exchange in man: the respiratory 
passages of man ure connected with this system by a mask which covers the nose and 
mouth, or by a mouth valve and a nose clamp (Fig. 143), The consumption of oxygen is 
judged by its decrease in the gas-meters or in the spirometer, while the production of 
carbon dioxide is computed by the change in its content in the absorbers (by titratica 
or accurate weighing of the absorber). All these systems of instruments for studying 
gascous exchange are known as closed systems. 


The chamber methods are very convenient for experimenting on animals 
in the laboratory, but are hard to use in the clinic and under working con- 
ditions for studying the gaseous exchange in man. The methods of study 
with the aid of open systems (Figs. 144 and 145) are widely used in this case. 

In these methods man inhales external air through the mouth or through 
the mouth and nose with the aid of a mouthpiece or a special mask 
equipped with valves. The valves make it possible to direct all the air 
exhaled during a certain period of time into a gas-clock or gas-meter where 
its amount is accurately measured. Frequently (especially in studying the 
gaseous exchange during work) the air is first collected in Douglas bags 
and then measured by being passed through a gas-clock. At the same time 
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samples of the exhaled air are taken to analyse the content of 
oxygen and carbon dioxide in it. Since the amount of the expired 
air and the composition of the inspired (external) and expired air are 
known it is not hard to compute the amount of oxygen consumed and 
carbon dioxide produced during the time of the experiment. 


Here is an example. A man exhaled 5.2 litres of air in one minute, the exhaled air 
containing 16.23 per cent oxygen and 4.13 per cent carbon dioxide. From each 100 cm." 
of air passing through the lungs the organism has consumed 20.94 ml. — 16.23 ml. = 


4.7 ml. (or 47 ml. per litre) of oxygen external exhaled 
air air 


Since the pulmonary ventilation equalled 5.2 litres the consumption of oxygen per 
minute equals: 
47 ml. X 5.2 =: 244.4 ml. 






4.13 ml. — 0.03 = 4.1 ml. (41 inl. per litre) 
exhaled external 
air alr 


Consumption of carbon dioxide per minute equals: 
4l ml. X 5.2 = 213.2 ml. 


We now determine the 
respiratory quotient (in round 
figures) 


COs es 
Oday = 08? 


For the respiratory quotient 
of 0.87 the caloric value of 
one litre of oxygen (Table 16) 
corresponds tò 4.88 large cal- 
ories. Hence, for the con- 
sumption of 244 ml. (0.244 lit.) 
of oxygen per minute the 
caloric value corresponds 
to 4.88 large calories X Fig. 145. Determining gas imetabolian energy out- 
x 0.244 = 1.19 large calories. put—during work (same method is often used in 
The cnergy output is, thus, determining gas metaboliam during rest). 

1.19 large calories per minute All air exhaled by person passes into Douglas bag. This is made 
or 1,714 large calories in possible by tho fact that the person breathes through a mask 
24 hours, hermetically preased to face or through mouthpiece equipped with 
valve (in thin case the nose is stopped up). Exhaolod air passes 
through tubo into bag. At end of experiment, lasting a definite 

The study of the gase- period of time, amount of oxhalod air is measured by gas-moter. 
ous exchange in man 1S Sample of air taken from bag in analysed for its O, and CO, content, 
of considerable practical 
importance, It is used for a number of purposes, primarily, in investigating 
dietary requirements. Nutrition must cover the energy needs and in a grow- 
ing organism must exceed them. The dietary requirements are (see p. 366), 
therefore, always based on studies of energy output established by deter- 
mining the gaseous exchange. In addition, a number of problems connected 
with changes in physiological functions in labour processes and in sports 
are also solved by the method of determining the gaseous exchange. During 
considerable muscular effort the gaseous exchange is sharply modified 
(Fig. 145). 

The study of the gaseous exchange acquires considerable importance in 
the diagnosis of certain diseases, nutritional disorders, etc. Finally, the 
study of the gaseous exchange is also very important as a method which 
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characterizes the intensity of the body’s activity under various conditions 
of the external environment (for example, climate, diet), during the sleep- 
ing and waking hours, etc. 

The study of all these influences requires the knowledge of the main 
laws governing the total value of energy expenditures of the body. 


Energy Output at Rest and Basal Metabolism 


In the sixties and seventies of the 19th century Bidder and Schmid! 
found that the energy output in man at rest was quite constant. This was 
confirmed by a number of investigators in the beginning of our century. It 
appears that the lowest energy output in man and animals is observed 
outside of muscular activity and food intake and at a temperature of the 
environment corresponding to the minimal activity of the thermoregulat- 
ing mechanisms. The relatively constant level of energy expenditure undcr 
the aforesaid conditions is known as the basal metabolism. 

To determine the basal metabolism the gaseous exchange is studied in 
the morning hours about 14 to 16 hours after the last meal (tempcrature 
of the room 20 to 22°). The individual whose basal metabolism is being 
determined is requested to lie quietly in any convenient position. Basal 
metabolism is best determined in bed immediately after awakening. The 
examination lasts 10 to 15 minutes and is usually repeated, sometimes 
several] days running, if surgery, for example, an operation on the thyroid. 
is to be decided upon. 

The statistical analysis of extensive material determining basal metab- 
olism in healthy people shows that people of the same sex, height, weight 
and age have approximately the same basal metabolism and that it varies 
no more than 10 to 15 per cent. It appears, furthermore, that basal me- 
tabolism is proportional not so much to the weight of the body as to its 
total surface area. Thus, in small animals whose body surface per unit of 
their weight is much greater than in large animals basal metabolism in 
proportion to body weight is several times as high. This can be seen in 


Table 17. 
Table 17 


Energy Output in Different Animals per 1 m.? of Surface and 
1 kg. of Body Weight per Hour 


‘ i Heut. production in 24 hours 
; i g ! (in largo calories) 
Animal : Body woight (kg.) ; A a 


|  porikg.of ' perimtof 

| body weight ; bedy nurfano 
Horse ..... oOo 4l ' 11.3 | 948 
Pig oeras 128 19.1 | 1,078 
Dog ....... 15.2 51.5 | 1,039 
Rabbit..... 2.3 75.1 | 776 


The energy output per one kg. of weight greatly varies for animals 
of different weight, but calculation per unit of body surface (1 m.?) yields 
rather close results for animals sharply differing in body weight. 

This circumstance gave the French physiologist C. Richet and the Ger- 
man physiologist M. Rubner reasons to formulate the so-called “surface- 
area law,” according to which the energy output (at complete rest) per 
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unit of body surface is relatively constant. These and subsequent investi- 
gators, however, interpreted the established dependence as an absolute 
physical law since they believed that at rest the energy output depended 
only on the loss of heat from the body surface. 

This interpretation of the surfacc-area law is incorrect. The dependence 
of the intensily of metabolism on the body surface arose in the course of 
evolution in which the mobility of the animal, the rate of its metabolism, 
its food requirements, 





etc., each played a def- 54 N 
inite part. & 52 $ 
& 
There are many ex- & 

; : S 50 å 
ceptions to the surface- «$ a ` 
area law which are ex- œ 8 

a i a xsi we 
plained by biological Sa X 
peculiarities of ani- à 48 = 

; 42 
mals; for example, with Bs 46 
the same body surface S&S zl 46s 
the metabolism in $ 2R 
wild, more mobile ani- &% TON 
mals is always higher & % BS 
i ie oe & 
than in domestic ani- ž « 369 
i z 8 ù 
mals; in the denizens § HS 
of the tropics it is & 2S 
lower than in those of 30 


the central zone and of 6 10 4 18 22 26 3, 34 J8 42 46 50 54 58 6? 66 70 
the polar regions, etc. ge 

As we shall show later — Fig. 146. Changes in energy output studied under eondi- 
(p. 363) this is closely tions of basal metabolism with reference to age. 


connected withthe reg- Ordinate om the left shows seale of energy output m large ealoriea 
4 s es per Lime? of hody surface for men; right same for women. Doty and 
ulation of metabolism — ermws show results of individual vaperiments for men and women 


by the cerebral cortex; respectively. 
this regulation estab- 
lishes a constant dependence of the body's energy output on the various 
factors of the environment. 

Certain changes in the energy output (per 1 m.? of body surface) are 
observed in connection with age (Fig. 146 and Table 18). 


Table 18 


Basal Metabolism Averages in Large Calories per 1 m.? of 
Body Surface per Hour (after Du Bois) 


Basal metabolism averages (large calories) 
Ago in yours 


in mon iu women 
14-16 46.0 43.0 
10-18 43.0 , 40,0 
18-20 41.0 i 38.0 
20-30 39.5 i 37.0 
30-40 39.5 | 36.5 
10-50 38.5 | 36.0 
50-60 37.5 i 35.0 
60-70 36.5 | 34.0 
70-80 35.5 | 33.0 
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The statistical study of the data yielded by the investigations in basal 
metabolism has made it possible to determine certain averages of energy 
output at rest for men, women and children of different weights and ages. 
These tables developed by Harris and Benedict are widely used, especially 
in clinical practice. By using these tables or by calculating the body 
surface according to the nomogram 
(Fig. 147) and multiplying this value by 
the corresponding figures (Table 18) it is 
possible 10 compute for each individual 
the average value of energy output at 
complete rest on the condition that all 
the requirements of determining basal 
metabolism are observed. 

The use of these tables is warranted 
only for comparing the data charac- 
terizing the energy output of different 
people at complete rest under standard 
conditions of investigation. Experience 
shows that the external environment 
(for example, climate, temperature, 
barometric pressure, lighting) and the 
internal environment, as well as the 
different forms of bodily activity out- 
side the time the basal metabolism is 
determined (for example, athletic train- 
ing, dietary changes, etc.), may cause con- 
siderable deviations from the aforesaid 
standards. 

Both the constancy of basal metab- 
olism and its variations are explained 
by cortical regulation of metabolism. 

The studies of K. Bykov and his asso- 
ciates (R. Olnyanskaya, A. Slonim et al.) 
have shown that a formerly indifferent 
stimulus, for example, the sound of a 
metronome or a bell used at the same 
time as factors which increase metab- 
olism, for example muscular activity, 
Fig. 147. Nomogram for determining food intake, an injection of thyroxin, 
body surface. Body surfaco of given ate leads to the development of stable 
subject is found at the point whero Moye i 
straight linc, connecting points corro- conditioned metabolic reflexes. The for- 
sponding to his height and weight, merly indifferent signals become active 

crosses middle scale. metabolic stimuli. Time may be a 

similarly important stimulus. Experi- 

ments show that the increase in metabolism at certain times of day is con- 

nected with the dietary regime; the rise in metabolism at these times of 

day is independent of the actual food intake. Thus, the rate of basal metab- 
olism depends on the total activities of man or animal. 

The mode of the body’s activity, nutrition or muscular work repeated at 
definite times of day lead to the development of a complex reflex bond 
(cortical pattern, Chapter 62) in response to the total influence exerted by 
the food intake, muscular activity, temperature, etc. Under constant condi- 
tions of existence the basal metabolism (at certain times of day) is also con- 
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slant. Experiments show that under constant conditions of investigation 
(room, time of day) it is possible sharply to change the tempcrature of the 
external environment (which generally considerably affects metabolism) 
without altering the basal metabolism. The elaborated cortical bonds, 
which affect metabolism, produce a much stronger effect here than the 
special factors on hand. The constancy of basal metabolism must, therc- 
fore, be regarded as depending on the conditioned reflexes to the stereo- 
type life pattern developed under the ordinary living conditions which arc 
in some measure reproduced when the so-called basal metabolism is being 
investigated. It follows that the very term “basal” metabolism is only con- 
ventional and does not reflect the essence of the matter. 

The constancy of metabolism studied at definite hours and under definite 
physiological conditions may depend, primarily, on strictly constant habits. 
Very careful observations have shown basal metabolism to be strictly con- 
stant over a period of many ycars (Benedict). But this constancy in basal 
metabolism, like its certain variations under changed conditions of inves- 
tigation, depends on the nature of the signal stimuli acting on the body 
under definite conditions and at definite times of day, i.c., on the nature of 
the cortical regulation of metabolism (p. 363). 


Dependence of Energy Output on the Organism's Nutrition. 
Specific Dynamic Action of Food. 


The rate of metabolism is directly related to the processes of nutrition. 
It is influenced by individual meals, the total amount of substances taken 
in with the food and their qualitative composition. 

The so-called Pfliger's postulate had for a long time played a big part in 
the theory of energy transformations in the cells and tissues. According to 
this postulate the metabolism in the celis and tissues (consequently, in the 
body as a whole) does not depend on the supply of foodstuffs, but exclusively 
on the physiological state of the tissues. This postulate, progressive for its 
time because it replaced Licbig’s grossly mechanistic ideas of the complete 
dependence of vital activity on nutrition, now proves absolutely incompe- 
tent with respect to the bady as a whole. 

Our ideas of the relationship between the income and expenditure of 
substances spring from the concept of the unity of processes of assimilation 
and dissimilation. Very frequently an increased expenditure of foods leads 
to their increased consumption, while limited expenditure leads to limited 
consumption. Thus, for example, limited nutrition involving external signals 
connected with an impossibility of obtaining food leads to a sharp 
decrease in the body's activities and to an increase in the sleeping periods 
which in some species of animals prepares the body for winter or summer 
hibernation. 

Every food intake causes a rise in the metabolism of the body which is 
in a state of muscular rest. This rise in metabolism, which results from the 
intake of food and is observed even under the strictest conditions of rest, 
has been termed the specific dynamic action of food. 

The greatest specific dynamic action is produced by the consumption of 
proteins. The increase in metabolism may, in this case, reach 30 to 40 per 
cent of the total energy value of the consumed protein. The metabolic in- 
crease does not begin immediately the protein food is consumed, but 1.5 to 
2 hours later, reaches its maximum within 3 hours and continues for 
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another 7 to 8 hours after the meui. For carbohydrates the value of the 
specific dynamic action is much lower and reaches only 4 to 6 per cent of 
the energy value of the substance consumed by the body; an increase in 
total metabolism is observed in this case only for a period of 2 to 3 hours 
after the meal. The effect of the specific dynamic action of fats differs in 
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Fig. 148. Surplus oxygen consumption (compared with metabolic 
rate before food intake). 


A— after drinking 200 gr. of milk (top), eating 200 gr. of meat (middle) and 200 gr. 

of bread (bottom); B— after sham feeding with milk, moat. or bread; C-- after 

inserting 200 gr. of meat or bread or pouring 200 pr. of milk into atomach; P. -. 

summary curves B and C. Abseissa shows time in hours (compare with Fig. 111) 
(after R. Olnyanskaya). 


various individuals. In rats consumption of fats causes an increase in the 
metabolism, in rabbits—a drop. A very slight increase in metabolism after 
the consumption of fat is characteristic of man. In the usual mixed diet the 
expenditure of energy for the specific dynamic action of food constitutes 
150 to 200 large calories, i.e., 10 to 12 per cent of the basal metabolism. 
The reasons for the specific dynamic action of food are not clear as yet. 
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The old authors ascribed great importance to the “stimulatory” action of 
proteins and the products of their conversion on cellular processes. This 
also holds true of the transformations of nitrogenous substances in the 
liver and the tissues. The energy output for the functions of the muscular 
and glandular apparatus of the digestive tract is, apparently, also of some 
significance. The specific dynamic action in the consumption of carbohy- 
drates is connected with energy outlays conditioned by the change of glucose 
into glycogen. All these factors belong only to the direct influence of cer- 
tain consumed foodstuffs on the energy output; in addition, we must con- 
sider the great importance of the act of eating as a signal stimulus of the 
ensuing process of digestion and tissue processes of assimilation. 

Proceeding from this K. Bykov’s associates used Pavlov’s method of 
sham [ceding to analyse the specific dynamic action of food. It appears that 
sham feeding alone, i.e., actually the act of eating alone with no food 
entering the organism, could bring about an increase in metabolism lasting 
for many hours. In this case the total increase in metabolism reaches 
50 to 60 per cent of the entire specific dynamic action of food observed 
when it is really eaten. The same food put into the stomach through a 
fistula (unnoticed by the dog) causes a small rise in metabolism (about 
40 per cent) compared with normal eating which, moreover, occurs later 
than in sham feeding (Fig. 148). 

In summing up the increase in metabolism observed in the experiments 
with sham feeding and the metabolic increase occurring when the food is 
placed into the stomach through a fistula we get a figure very close to the 
usual specific dynamic action of the given type of food (compare Fig. 148 
with Fig. 111 which shows a synthesis of Pavlov’s curves of gastric juice 
secretion). 

On the basis of these data we are warranted in saying that bott: nervous 
mechanisms and humoral factors are of importance in the specific dynamic 
action of food. The former are connected with the act of eating, the latter— 
with the absorption of the products of digestion into the blood and with 
the processes of assimilation of the substances by the tissues of the body. 
A conditioned reflex developed in the course of individual life lies at the 
base of the reflex nervous phase of the specific dynamic action of food. By 
repeating sham feeding many times running we observe the fading of this 
reflex; sham feeding ceases to produce a rise in metabolism. This is, 
probably, also due partly to the fact that with no stomach distention and ab- 
sorption repeated sham feeding causes the formation of a conditioned inhi- 
bition (Chapter 60) owing to which metabolism no longer rises after feed- 
ing. In dogs grown on dairy and vegetable food sham meat-feeding causes 
no increase in the gaseous exchange. 

The observations made in the studies of the gaseous exchange in new- 
born children before the first feeding are very important. It appears that 
sucking on an empty nipple may cause immediately after birth a consider- 
able rise in metabolism lasting an hour and longer though the nipple was 
sucked for only 8 to 10 minutes (N. Arkhangelskaya). The influence of the 
act of eating on metabolism is, obviously, an unconditioned, inborn reflex. 
In the course of a number of feedings this effect grows, which indicates an 
addition of conditioned-reflex influences, both stimulating and inhibiting, 
on the processes of metabolism. 

The rate of basal metabolism varies considerably with the time of day the animals 


are fed (feeding regime). If the monkeys usually fed three times a day in captivity are 
given only one meal a day during the evening hours (the daily ration retained) a de- 
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crease in basal metabolism, determined in the morning, is observed several days late; 
Despite the fact that in this case, i.e., single evening meal, the monkeys consume much 
more food 14 hours before determination of their metabolism, the latter is lower in 
the morning. Here we, apparently, have an extinction ol the conditioned reflex for 
the meal no longer given during the morning hours. By changing the feeding regim: 
we can, consequently, alter the metabolism at will and cither increase or decrease it, 


A decrease in total metabolism is observed in insufficient feeding. This 
drop is evident even in small dietary limitations. A specially low metab- 
olism is observed in very deficient rations. 

It is very important to note that a decrease in metabolism is not coin- 
cident with a loss of body weight; consequently, the weight of living tissue 
is not the only factor determining the rate of metabolism. Of great signifi- 
cance here, as previously stated, is the falling out of the specific dynamic 
action of food, including its complex reflex phase. 

A considerable decrease in metabolism during complete starvation has 
been established by a number of investigators. V. Pashutin and his pupils, 
Benedict et al., have made an outstanding contribution to this problem. 
Table 19 shows the changes taking place. 


Table 19 
Changes in Daily Energy Output and Loss of Weight in Starvation 


> TE | Energy output per i Roergy outpul. per 
ke. of body weight square metre of body 


' Bady weight (in kg.) | Daily energy output 





Piirat ta (in largo calorice) | per day (in large cul.) | surface per day 
Babee heforn l last day | heforo | laat day | before lust alay | hefore mes 
‘starvation starvation | starvation starvation ! starvation ; starvation i starvation alurvation 
41 62.8 46.0 | 1,790 780 | 26.6 ; 17.0 | 1O30 | 529 
30 57.9 ' 45.5 | 1,525 935 | 27.5 i 205 | 905 ; O79 
l i 
16 43.5 | 360 | 1,278 917 28.4 ' 254 929 j 722 
5 67.0 | 63.1 : 2,220 | 1,970 | 33.2 31.2 = | - 
[j . 





It is important to note that starvation reduces the functions of a number 
of organs, for example, the heart rate, the respiratory volume and respir- 
atory rate; the mobility of the body and its muscular activity change 
sharply. Thus, a decrease in the amount of the work done and inhibition 
of the conditioned-reflex influences developed during the lifetime of mus- 
cular activity and food intake lead to changes in the rate of metabolism. 


The foregoing sheds light on the mechanism of the so-called physiological starvation 
occurring in some animals in connection with seasonal feeding changes. It is well known, 
for example, that snme animals (bear, badger) fatten very much in summer and 
autumn, and though they do not fully hibernate in winter they nearly cease to eat and 
live on the accumulated fat. These animals refuse to eat in winter even in captivity. In 
this case we are dealing with a sharp inhibition of the responses to food stimuli and 
metabolism takes place at the expense of endogenous feeding, which V. Pashutin termed 
“physiological” starvation. If the awakened animal is fed during this winter period 
the specific dynamic action of food either sharply diminishes or drops out completely. 


Energy Output in Muscular Activity 
The heart, the respiratory muscles, the kidneys, the liver, etc., never 
cease functioning even when the body is at complete rest. The skeletal 
muscles retain a certain tension even when the musculature is relaxed in 
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a horizontal position, particularly during sleep. It is assumed that of the 
total metabolism 4 to 6 per cent goes for the heart muscle, 4 to 6 per cent 
for the kidneys, 20 to 30 per cent for the liver and the organs of the 
digestive tract, 2 to 5 per cent for the nervous system and 40 to 50 per cent 
for the skeletal muscles. 

In muscular activity the muscle metabolism sharply increases. Compared 
with the metabolic rate during lying at rest a quict sitting posture causes 
a 12 per cent increase in metabolism, standing—a 20 per cent increase, 
slow walking—an 80 to 100 per cent increase, and running—a 400 per 
cent increase. Very vigorous muscular work may increase metabolism ten- 
fold compared with rest. Certain athletic activities, for example sprinting, 
rowing and cycling may cause even greater energy output per minute (up 
to 22 large calories). 

There is a definite correlation between the amount of work done in 
kg-m. and the amount of energy spent on it. This impelled physiologists to 
study the efficiency of man and animals. 

In order to compute the efficiency it is necessary to know the exact 
amount of work done in kg-m. and the amount of energy in calories spent 
on this work. 

The efficiency (K) is computed by the following simple formula: 


-__W 
K = H` 
where W is the amount of work done in terms of heat (and considering the 
following mechanical equivalent of heat—one large calorie corresponds to 
427 kg-m. of work), and H is the total energy output in calories required 
to do the work. The highest efficiency of man appears to be 20 to 25 per 
ceni. 

The determination of the valuc of W for most of the work done ty man 
presents practically insurmountable difficulties because it is impossible to 
measure his external work in kg-m. with any degree of accuracy. Besides. 
the efficiency of man, even when it is possible to compute it with satis- 
factory accuracy (for example, in lifting a weight, turning a wheel, laying 
brick), takes into account only the sum total of the energy changes in the 
organism in connection with the external work done and hardly reveals 
its physiological peculiarities. The comparison of the nature and structure 
of the muscular activity of man with the energy spent on it warrants the 
assumption that the most economical in this respect is the work done by 
the large muscle groups in which movements rhythmically follow each 
other. Thus, for example, turning a wheel is much more economical than 
lifting and lowering a weight. This is due to the fact that rotatory move- 
ment does not require a change in the direction of the movement, while 
the latter is connected with a stop and a new starting impulse which 
requires an additional output of energy to overcome inertia. Of consider- 
able importance to the energy value of man’s work is the rate at which 
it is done. For each type of muscular work, for example, walking, running, 
lifting and lowering weights, cycling, hammering, filing, etc., it is possible 
io determine the optimum rate, i.e., a working rhythm with the lowest 
energy output per unit of work. However, the given optimum-energy rate 
of work cannot be regarded as the most advantageous for performing any 
Particular labour because it does not take into consideration the complex 
conditions under which fatigue develops. 
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The energy expenditure entailed in muscular work, though amenable to precise 
measurement, cannol serve as a criterion of the strain or the fatigue the work pro- 
duces. Every form of muscular activity is composed of two elements. One of these is the 
muscular activity proper; it may be conditionally termed “effort of movement” (it is 
often called dynamic): this includes the muscular efforts connected with moving loaded 
or unloaded extremities. The second element is the “effort of support” (frequently des- 
ignated as static), ie. effort designed at supporting a weight, maintaining the balance 
of the body. In muscular movements similar in structure, for example. in moving 
some load by hand in a horizontal plane, as the rate of movement decreases the rela- 
tive role of the efforts of the Arst type diminishes while the role of the efforts of sup- 
port increases. Numerous studies in gaseous exchange show that in this case the energy 
output increases insignificantly, while the work becomes very tiresome. 


Training for a given type of muscular activity is of enormous importance 
to the energy output for the work done. Due to systematic training the 
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Fig. 149. Rate of oxygen constumption (in ml, per minute) during protracted 
moderately hard physical work (after A. Slonim), 


energy output for work donc decreases because the work involves fewer 
muscle groups, the rate of respiration and circulation and the chemical 
dynamics of the muscles change. 

Numerous studies of gaseous exchange during muscular work of varying 
intensity have shown that the exchange not only increases during work, 
but continues at a higher rate for some time afterwards. These phenomena. 
which have been termed the period of recovery after muscular work, must 
be considered in connection with the chemical changes occurring during 
muscular contraction. 

IL is pointed out on page 462 that a complex cycle of anaerobic changes of 
various substances occurs in the skeletal muscles and that these trans- 
formations lead to a liberation of energy which can be changed into mce- 
chanical energy, i.e., into work donc by the muscles. The substances 
(chiefly lactic acid) formed in anaerobic processes as a result of the split 
up of high molecular compounds are oxidized by the oxygen brought to 
the muscles by the blood. This leads to the liberation of much greater 
quantities of energy than is the case in anaerobic transformations, part of 
this energy being used for resynthesizing the substances converted during 
the anaerobic phase. 

The amount of oxygen required to oxidize all the products of anaerobic 
metabolism formed per minute of work is designated as the oxygen re- 
quirement. When the amount of oxygen consumed by the body per minute 
of work corresponds to the oxygen requirement the concentration of under- 
oxidized products in the blood and in the muscles does not increase during 
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the work (Fig. 149). In this case a constant rate of oxygen consumption is 
established and maintained throughout the duration of the muscular effort 
on approximately the same level. Work in which this constant rate is 
achieved can frequently be done for long periods of time. 

The constant rate of oxygen consumption depends on the intensity and 
nature of muscular work; in a 1 to 2 kilometre run at top speed it reaches 
upproximatcly 3 to 4 (up to 4.5) litres of oxygen per minute. 

The satisfaction of the oxygen requirement depends on the [functions of 
pulmonary respiration and circulation; during the first minutes of work 
(2 to 3 minutes) consumption of oxygen lags behind the oxygen require- 
ment. This is due to the fact that the volume of respiration and the minute 
volume of the heart cannot at once accommodate themselves to supplying 
the muscles with the amount of oxygen corresponding to the oxygen 
requirement. That is why underoxidized products of metabolism accumu- 
late during the initial stage of work and must be oxidized after work. An 
additional amount of oxygen must be spent after work to oxidize these 
substances; this additional amount of oxygen is known as the oxygen debt 
(A. Hill). 

At one time it was believed (A. Hill) that all compounds which could 
not be oxidized at the initial stage of work (before the supply of oxygen to 
(he muscles and the oxygen requirement were equalized) remained un- 
oxidized as long as the work lasted and that the oxygen debt was liquidated 
only after work. This idea proved wrong, however, because part of the 
oxygen debt is liquidated while the work is still being done. In addition, 
the higher oxygen consumption after work is connected not only with the 
oxidation of the products of anacrobic disintegration accumulated in the 
organism during work, but also with the changed metabolism in the mus- 
culature itself. The oxidative metabolism in the musculature (probably, 
also in the liver) sharply increased during work, does not decrease to its 
pre-work rate immediately upon the termination of work. but gradually. 
If the muscular work is so vigorous that the consumption of oxygen lags 
behind the oxygen requirement throughout the work period, higher oxygen 
consumption continues alter its termination for the purpose of paying-olf 
the oxygen debt. 

Data characterizing various forms of muscular activity in accordance 
with their recovery periods are given in Table 20. 

Table 20 


Oxygen Consumption During Muscular Work and During the Recovery Period 
(After G. Konradi, A. Slonim and V. Farfel) 


Proportion of 


Consumption Duration of [oxygen debt 


Duration Bae ine aoaea 
Nature of work of work aa okan seer ea recovery to oxygen cou 
(in ser.) in hirea) period (in min)| sumed during 
| Qn ! | j work (in “a) 
: i i ; 
100-metre sprint. .... 13.6-15.8 | re 6.5-10.1 : I8 : SH-04 
10,000-metro run ....' 415 : -- 1 22.8. 25 S E 
Forging hot metal ... 40 io L216 : 1.9-3.0 7-11 _ 60-65 
Hammering.........: 120 oO M - 0.4-0.5 | 67 i 25-30 
Carrying bagu....... | Indefinite | LS (per) 3.5 i 9 : 
time i minute): i ; 
Crating bread ....... | Ditto 1 OF (per, 0.6 ' 3 ! hth 
i ! minute) | ? ; 


363 


Several studies made by K. Bykov and his associates show an extraor- 
dinarily complex picture of alternations in the gaseous exchange of man 
and animals during muscular work; the changes are connected with factors 
of nervous regulation of metabolism. It appears that it is possible to devel- 
op a number of conditioned reflexes for gaseous exchange by combining 
signals formerly indifferent to metabolism (for example, sound and light) 
with muscular activity of a certain intensity. These facts obtained in a 
laboratory were subsequently verified in industry and in sports. Gaseous 
exchange in a worker with long experience is always lower when examined 
in a laboratory (standing in working posture) than in the shop (Fig. 150). 
On a workday when the shop is running the gaseous exchange is higher 
than on an off-day when there is no work in the shop. The gaseous ex- 
change in a worker increases when he 
works on his own team; work on another 
team produces no such effect. 

It has been shown that the signal 


JU 






400 = N stimulus connected with muscular work 
S| ls may increase metabolism not only when 
Š Pp Š = the subject is in a state of rest, but also 
SJ00 | |8 $| |5 when he is working. Facts correspond- 
S >l |S È x È ing to these data were established at 
Ta hg St |s 2 N stadiums in studying the pre-start con- 
N R š ï S| Is dition familiar to athletes. The gaseous 
Š al lèl Iò g| |2 exchange increased in the athletes long 
Soits| tsi 13] I| |5 before the beginning of competition and 
yy BY Š 3 S| |s these phenomena were more pronounced 
` Sj le è| |3 in experienced athletes than in novices. 
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It has also been shown that after a run 
Vig. 150. C Raa pio ots ,, of 30 metres the energy output in an 
hte ie per alee ‘of Daal init athlete nearly reaches the rate required 
connected with industrial labour (after for running 100 metres if the athlete 
R. Olnyanskaya). is suddenly stopped on the 30th metre 
while he intends to run 100 metres. 
Apparently, the run and the circumstances under which it is performed 
cause at the very outset the energy transformations required for covering 
the 100 metres. If different distances are run one after another the quanti- 
tative energy changes are modified accordingly; the transformations 
depend on the conditioned-reflex regulation of metabolism (both during 
work and recovery) in very vigorous muscular activity. 

An analysis of the alterations occurring in the gaseous exchange under 
the effect of cortical impulses shows that we are dealing with profound 
changes in tissue metabolism due to the influence of the nervous system. 
These influences on the tissue processes are known as trophic influences, 
i.e., influences which without changing the working (functional) activity 
of a tissue are capable of changing the course of chemical processes in it. 
The functions of the endocrine glands are also of great importance since 
they offer definite pathways for the transmission of cortical influences to 
the tissue processes. Experiments have shown that extirpation of the 
thyroid or the suppression of its function by methylthiouracil lead to a 
disappearance of the cortical influences on the tissue metabolism; in these 
cases no conditioned reflexes are developed in response to thyroxin injec- 
tions. The hormones of the hypophysis also play an important part in the 
transmission of cortical influences (R. Olnyanskaya). 
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Physiological Principles of Food Rationing 


The physiological principles of rationing food are based on a number of 
concrete facts whose all-round analysis constitutes the subject matter of 
physiology of nutrition. 

The energy, i.e., quantitative, aspect of nutrition is well grounded by 
studies of the gaseous exchange in people of different sex and age engaged 
in various work, These requirements are established as follows. The energy 
output of individual people is studied while they are at work; the data 
vbtained are calculated over 8 hours, i.e., the entire workday. The value of 
the energy output made during work is added to the energy expenditures 
covering the activities of the human body outside working hours. This 
output, including the energy required for walking, standing and eating. 
constitutes an average of 1.5 large calories per one kg. of body weight per 
hour (while at complete rest and on an empty stomach the energy output 
roughly corresponds to one large calory per same unit of weight and time). 

Calculations and studies show that for bedridden people the energy 
output constitutes about 1,600 to 1,700 large calories per day or 1 to 1.] 
large calories per one kg. of body weight per hour. Sedentary life requires 
2,500 large calories per day. 

The following four groups (depending on nutritional requirements con- 
nected with particular occupations) can be tentatively established: first 
group—energy output 2,200 to 2,400 large calories per day (for people 
doing light work in a sitting posture); second group—-energy output 
2,600 to 2,800 large calories (for people doing light muscular work); third 
group—energy output 3,400 to 3,600 large calories (for people doing 
medium muscular work); fourth group—energy output 5,000 large calories 
and up (for people doing hard muscular work). 

It stands to reason that all these values can be established only ap- 
proximately; they constitute the energy basis of nutrition and must be 
verified by medical observation of various food rations (in children’s institu- 
tions, dining-rooms, hospitals, etc.). 

Some of the well-established energy output requirements are shown 
in Table 21. 

The rationing of food must ensure not only the replenishment of the 
energy spent, but also the restitution of the protein losses; it must meet 
the requirements of growth at the same time providing a qualitative and 
quantitative composition of food which makes for the greatest efficiency 
and the best health. The question of the energy output and its replenish- 
ment is, therefore, only part of the enormous problem of nutrition. 

The vitaminization of food, the dietary regime, the importance of palata- 
bility, the appearance of food and the conditions under which meals are 
taken (aesthetic and others) are problems that must be considered in the 
interests of the people’s health and efficiency only on the basis of modern 
synthetic physiology. 

The amount of food consumed by man is usually determined by a 
requirement, the subjective expression of which is called appetite. How- 
ever, appetite, as an expression of the necd for food, and the sense of 
hunger do not always fully correspond to the energy losses of the body. 
The rationing of food is, therefore, often the task of the physician both in 
the hospital and in prescribing a diet for the patient at home. 

The amount of food to be consumed is established, on the one hand, on 
the basis of the data which characterize the daily energy output and, on 
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Table 2! 


Energy Output of People of Different Occupations, Students and School- 
children per Day (in Large Calories) 
(Data of the Institute of Nutrition of the Sovict Academy of Medical 
Sciences) 


People studied ' Number of large eslorion 
i 


Industrial workers 


Metallists- turners and Coolmakers a...an 3.300 
in forge shop oo... cee eee ee 3,700- 4,000 
és in rolling shop 00.0.6... 0c ee eee ee 3.500-4,100 
im foundry aaeh cee ee eee 4,000. 4.500 
Building workers 
CAUIPONVORS 2 6 eas oie ee eae stare ares alge 4,500 
Masons and brieklavers .. 0.000600 c ee ee eee 5,000 
Bhd ST EO k EE E A er ear 3,900 
Workers on state and collective farms 
"Tractor-drivers .. 00.0 c ee een eee 3.000 
Ploughmen siosar en sanae ce ee tenes 4,700-5,000 
Vegetable-garden workits .0 0.0. eee 4,100-4,400 
Mires heia paa aeaea E a AE ee nao 4,700-8,000 
Nheaf-binders .. 0.0.0.0... eee eee 5300-5, 600 
Mowers (hand mowing) oo... eee ee 7.200 
a oe (machine mowing)... 066... ee eee 4,600 


Studenta and schoolehildren 


SCHUGNES Sock 2 eset ea step Ved Ae Os GS 2,800-3,000 
Sehoolehitdren (12-14 years old) oe ee 2,400 
. ary ( 8-1l n See) eea e a alee 1,900 


the other hand, on the basis of the number of large calories liberated dur- 
ing the oxidation of the foodstuffs. 

Some data concerning the most important foods are given in Table 22. 

Table 22 makes it possible to compute the number of calories in any 
food combination and to choose a ration of the required caloricity. In order 
to gain weight the caloric value of the daily ration should be increased by 
50 to 100 per cent. as against the energy output. For example, sanatorium 
patients with a daily energy output of 2,000 to 2,500 large calories are 
given between 4,000 and 5,000 large calories in their food. To lose weight 
corpulent patients are given a ration covering half the daily energy output. 
In addition, in order to increase the energy output they are prescribed 
walks and a protein diet (the latter because of the specific dynamic action 
of the protein). 

The liberation of very definite amounts of energy during the oxidation 
of various foods—proteins, fats and carbohydrates—enabled the German 
physiologist M. Rubner to put forward a hypothesis of the possibility of 
replacing some foods by others in proportions corresponding to the heat 
produced by their combustion. Thus, one gr. of carbohydrates, which yields 
4.1 large calories, can replace in caloric equivalent one gr. of protein, which 
produces the same amount of heat when oxidized; one gr. of fat can replace 
2.2 gr. of carbohydrates or proteins. The possibility of this replacement 
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Table 22 
Caloric Equivalents of Certain Foods, Their Content of Proteins, Fats and Carbo- 
hydrates Considering the Extent to Which They Are Assimilated 
(net-calories) 


Number of Content din" 


Foodstuffs large calories K . 
per LOO gr. proteins tats carbohwadratos 

Bread, black. ....... 237 6.8 7 45.2 

a white. ....... 204 6.3 (ht 18.6 
Flour rye soe. e eee 340 11.5 Lo 71.6 

a whole wheat... 354 10.8 0.7 73.8 
E E EETA 350 SO 0.3 THO 
Maearoni.... ee... 355 13.4 OW 74.1 
Ban keene a . 455 8.5 Li 7.4 
Beof, average fatness. a20* [is 25,5 

ws ve ns . 2aae* 12.0 20.3 
Park, average 

(ALON Se ee S37 * 16.3 30.1 aes 
Pork, average 

BUNOSE oo eee 270** 13.4 24.2 
Ham (depending on: 

int content) ....... : 230.320 15 13 Vad 20.0 
Pathe vied oe dees, ant ' SON = 100.0 ae 
LAITA KU oo. 2... cee 76N 1.0 SOG Os 
Herring .. 20... 0.20. lap" 1.5 Pan | =e 

Sp ede ade 7p** 11.2 3.4 = 
Cod fish o.oo... eee Long 25.4 0.3 
Potatoes, Paw... iris 2,2 ad IN.4 
Cabbage. so... 31 1.6 3 5.6 
Tomatoes, fresh ..... os 0.9 0.4 3.9 
Beets, evoked... 25 2.3 Ol ver | 
Milk, whole... a... 69 3.3 4.0 a0 

« skim... 37 3b 0.3 5d 
Cream oe... eee eee 194 25.0 Is. 4.5 
Cheese eee 420-460 26-29 34-306 0.3-4.0 
Chocolate a...an. 610 12.9 48.7 $1.38 
NURUT ee eee 400 ia ae 100.0 


was termed the law of isudynamy. The physiological significance of this 
law is very limited because foods must not only ensure the energy 
requirements of the organism. but must also serve as the plastic material 
for building and restoring the tissue structures broken down during dis- 
similation. This pertains primarily to proteins (the protein requirements 
are considered in Chapter 30). 

Fats and carbohydrates may in a certain measure replace each other. 
but only within the limits corresponding to the capacities of the digestive 
Organs. An exclusively protein diet for man is extremely undesirable 
because it overtaxes the liver (deamination) and sharply increases the 
energy exchange. A sharp increase in the consumption of fats aimed al. 


* Edible part, 
** Whole product. 
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compensating for the energy output mainly by fat is also undesirable 
because it is responsible for acidosis produced by the formation of con- 
siderable quantities of unoxidized products of metabolism. 

Carbohydrates, of which 400 to 600 gr. are usually consumed daily, cover 
the main energy expenditures. The requirements in carbohydrates grow 
with the increase in the energy output. 

Children and adolescents require relatively more food because in ad- 
dition to covering their energy expenditures they need nutritive substances 
to ensure growth of the body. It is assumed that children up to 3 years o! 
uge require 3.5 gr. of protein per kg. of weight, from 3 to 15 years of age— 
2.5 gr. and from 15 to 17 years of age—2 gr. of protein per kg. of weight. 

The total food requirements in calories may be expressed in the follow- 
ing figures: children 1 to 2 years of age—840 large calories per day. 
2 to 3 years of age—1,000, 3 to 5 years of age—1,200, 5 to 7 years of age— 
1,400, 7 to 9 years of age—1,680, 9 to 11 years of age—1,920, 11 to 12 years 
of age—-2,160, and 12 to 15 years of age—2,400 large calories. An allowance 
for muscular activity (approximately 50 large calories per hour of mus- 
cular activity) must be made in addition to these figures. 

Three or four meals a day are considered the most rational dictary 
regime; eating more frequently results in a loss of appetite, less fre- 
quently—in a feeling of hunger. Dietary regimes for the sick constitute the 
subject matter of a special branch of science—dictetics. 


Energy Output Under Influence of Various Environmental Factors 


The influences on metabolism, which, as inborn unconditioned reflexes. 
cause changes in the chemical processes in the tissues, underlie all regula- 
tion of metabolism and, consequently, the energy output of the body. The 
factors causing variations in metabolism are: temperature of the external 
environment, food intake and the digestive processes, and muscular 
activity. 

All these factors and the changes in the physiological state they produce 
are not isolated from each other in the process of the usual vital activily 
of the organism, but are closely interrelated. Each of these influences 
on metabolism combines with numerous signal stimuli which come into 
play in the vital pattern of man or animals. 

Metabolic changes which are due to variations in the temperature of the 
external environment, as well as metabolism during muscular activity or 
after meals, can be observed from the moment of birth in newborn animals 
capable of independent movement and existence (for example, in kids and 
lambs, and partly in children). The entire complex regulation of metab- 
olism is formed on the basis of these unconditioned reflexes and must be 
taken into consideration when the complex influences of the external 
environment on metabolism are analysed. 

Under natural conditions of existence the rate of general metabolism 
very largely depends on a number of factors in the external environment 
of which the climatic and in particular the seasonal phenomena, as well 
as barometric pressure, are especially important. 

The influence of external temperature on metabolism is known best. 
Under the influence of low temperature metabolism increases; with a rise 
in temperature metabolism decreases (Chapter 35). A prolonged stay of 
animals in an environment with a high temperature results in a lower rate 
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of their basal metabolism and a decrease in the specific dynamic action of 
food. The opposite effect is observed under a protracted influence of low 
temperature. These variations also depend on cortical influences. For 
example, the destruction of the cerebral hemispheres in rats causes these 
adaptive metabolic changes to disappear. 


The variations in metabolism under the influence of low barometric pressure are 
nat so clear. Most of the studies conducted in mountains, during bricf stays at high 
altitudes, have revealed an increase in metabolism and greater pulmonary ventilation. 
This phenomenon is, probably, due to the fact that the amount of air inspired at sca- 
level pressure takes up a larger volume at higher altitudes; the additional volume of 
{he inspired air causes the respiratory musculature to do additional work. 

The gaseous exchange in people permanently living in the mountains at high and 
medium altitudes (2,000 to 4,000 m. above sea level) is frequently lower than that at 
the sea level. This is especially pronounced in the southern latitudes of the Soviet 
Union, for example, in the mountains of Central Asia (Ticn-Shan). Altitude acclimati- 
zation results not only in respiratory changes and changes in the respiratory function 
of the blood, but also in metabolic changes. Lower metabolism and diminished pulmo- 
nary ventilation were also observed in animals permancntly living in mountains as 
compared with those living at the sea level. 

In caisson work (work of divers) we deal with higher pressure. In these cases a 
stable increase in basal metabolism and in the metabolism during work is observed. 

The influence of radiant energy on the energy output presents quite a complex 
picture. Thus, for example, ultraviolet radiation does not produce any noticeable varia- 
tions in basal metabolism, but increases pulmonary ventilation by raising the sensi- 
tivity of the respiratory centre. A combination of ultraviolet radiation and cooling 
causes a considerable increase in metabolism, the ultraviolet radiation intensifying the 
production of heat, Long-wave infrared radiation causes a decrease in metabolism 
when the heat is moderate and an increase in mctabolism when overheating the body. 

The rays of the visible part of the spectrum cause different metabolic reactions in 
different animals. Most investigators observed an increased metabolism under the in- 
fluence of lighting. This fact becomes intclligible from the point of view of Pavlov's 
physiology: lighting is a signal for greater activity for most animals with a diurnal 
mode of life and, especially, for man. 

Studies made on simians have demonstrated that those who live under natural con- 
ditions in dense tropical forests (the green marmoset) show very little change (increase) 
in metabolism under the influence of lighting, while the metabolism of baboons, the 
denizens of woodless spaces, on the contrary, greatly increases under the action of 
lighting. The visible part of the spectrum is a very important stimulus which serves 
as the basis for complex conditioned and unconditioned neural connections with the 
most diverse functions of the body. It is characteristic that the evening twilight 
sharply reduces the metabolic rate at rest because it is a signal of the forthcoming 
muscular resi—sleep. 


The gaseous exchange varies during different seasons. The nature of 
these variations is very complex and cannot be reduced to the influence 
of some one factor, for example, the temperature of the environment or 
the lighting regime. Thus, in the middle latitudes of the U.S.S.R., basal 
metabolism is highest in spring; a decrease is observed in summer; there 
is some increase again in autumn; in winter (December-January) the 
metabolic rate drops to its lowest. 

These variations are observed in investigalions of basal metabolism and, 
consequently, do not in any way depend on the thermal influences of the 
environment. In addition, the coldest period of the year is also attended 
by a sharp decrease in metabolism. This must be due to reduced winter- 
lime motor activities of most people who do not engage in winter sports. 

The climatic variations in the gaseous exchange, and in the basal metab- 
olism in particular, are relatively slight. A stable decrease in basal metab- 
olism is observed in the hot regions of the Soviet Union, for example, in 
the desert areas of Central Asia. Similar variations are noted in the 
southern regions of Asia and America. But in man, who has extensive 


24 369 


opportunities for setting up an artificial climate and who has clothes ani 
a dwelling, these variations are less pronounced than in animals; moreover. 
the tropical mammals have a lower basal metabolism than the denizens 
of the middle latitudes and the polar regions. 

The development of conditioned reflexes in response to various [actors 
in the external environment may sharply alter the metabolism of the body 
under different conditions of existence and activity. Natural conditioned 
reflexes to gaseous exchange are formed in response to the most diverse 
factors of the external environment which are of importance to the life 
of the organism. It has, thus, been established that the rate of gaseous 
exchange may be affected by the amount of space around the body—visual 
stimuli. For a number of animals, for example, sheep, the latter serve as 
a signal to follow the herd; a higher metabolic rate is always observed 
in sheep out in the open field (everything else being equal) than in the 
sheep-fold. 

Placing gregarious animals (simians, sheep and many rodents) amongst their own 
kind causes a decrease in their gascous exchange. This phenomenon is observed when 
all outward expression of muscular activity is excluded and is connected with changes 
in defensive and self-orienting reactions typical of these animals. It is proved by the 
fact that the introduction of an additional stimulus, which causes a delensive reaction 
(sound, wind, elc.) enhances the effect of the decrease in metabolism when the animal 
is put in a herd. 


CHAPTER 35 


HEAT EXCHANGE AND REGULATION 
OF THE BODY TEMPERATURE 


Heat Exchange Between the Body and the External Environment 


The life’s processes in the body are accompanied by a continuous 
production of heat. The heat produced is also continuously lost by the 
body into the environment. The loss of heat is governed by purely physi- 
cal laws, namely, heating the surrounding air by the body (heat loss by 
convection), radiating heat from its heated surface (heat loss by radiation) 
and spending heat on evaporating water from the skin and the respiratory 
tracts. In the last case the body loses the amount of heat which is known 
as the latent heat of evaporation and constitutes 580 calories per one gr. of 
water evaporated from the surface of the skin at 34°C. In addition, the 
body spends a certain amount of heat on heating the consumed food and 
water and inspired air. 

An individual with a constant body temperature can exist only as long 
as the body loses into the environment in the three aforesaid ways the 
heat it produces about as fast as it is produced. The following figures 
show the proportions of heat losses in various ways at a 20°C temperature 
of the environment. 


Heat Loss of the Organism (in o) 


Convection be GA Ba ahs Te eth, gis ao Me . 31.0 
Radiation . . . . . a. Ga . 44 

Evaporation . . . . lg ine ie . 215 
Heating the food. . . . . . E 2 15 
Heating the air in the lungs. . . Ae dig , 1.3 
Heat lost with urine and faeces. . Ses . 0.7 
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If an individual's heat production equals his heat loss the body tem- 
perature remains constant. A change in the ratio between heat production 
and heat loss during a definite period of timc leads to variations in body 
temperature. If less heat is lost than produced the temperature of the body 
rises; if more heat is lost than produced the body tempcrature drops. 


Influence of Temperature on Physiological Processes 


The life’s processes in the animal are confined to the rather narrow 
limits of temperature of the internal environment—from 0° to 45 to 50°C. 
Only within this limit can the fermentative reactions, involved in metab- 
olism, take place. 

Man and the animals, especially the higher mammals with a constant 
body temperature, cannot endure wide temperature variations. For man a 
drop in body temperature below 22 to 25"C or its rise above 43°C are, as a 
rule, fatal. The nerve cells are particularly sensitive to temperature changes. 

Tempcrature exerts a profound influence on the vital processes of the 
body. The physicochemical basis of this influence is the change in the rate 
of chemical reactions which is expressed in the so-called “Qio Rule” (van’t 
Hoff’s). According to this law the rate of chemical reactions increases 
approximately twofold with a 10° rise in temperature (temperature coef- 
ficient Qio). Van’t Hoff’s rule holds true only for monomolecular chemical 
reactions taking place in vitro. For complex chemical processes in the 
cells and tissucs it has but very relative significance, particularly because 
the enzymes involved in all the chemical processes in the body are pro- 
teins which are inactivated when the temperature rises above a certain 
level; the dependence of the rate of fermentative reactions on the tempera- 
ture may be expressed by a curve which rises to a certain limit—the 
optimum—and then drops. 

Another factor limiting the significance of the tempcrature coefficient 
is the influence of the nervous system on the intensity of metabolism, 
especially clearly pronounced in mammals and birds in the phenomena of 
heat regulation. Shutting out the central nervous system (its destruction 
or anaesthesia) leads to a greater dependence of the intensity of metabolism 
on environmental temperature. The regulating role of the nervous system 
lies at the basis of the metabolic regulations in the animal. The nervous 
system maintains the intensity of the chemical transformations in the tis- 
sues despite their own temperature changes (i.e., despite the temperature 
influence on the rate of the elementary chemical processes). In the process 
of evolution this form of regulation becomes an important mechanism of 
maintaining the constancy of body temperature. 


With the ever-growing relative constancy of the internal environment at the higher 
Slages of the phylogenetic development of animals there also appears a constancy in 
body temperature. Only birds and mammals have a constant level of body tempera- 
ture, though we can observe in a number of invertebrates and lower vertebrates ele- 
ments of metabolic regulation and regular changes in behaviour (connected with 
changes in external temperature) which adapt the body to existence at different environ- 
mental temperatures. Thus, for example, in turtles during their winter hibernation tne 
metabolism remains practically constant despite the fluctuations in the temperature of 
the soil from 1.5 to 9°C. This constancy is connected with the activity of the anterior 
parts of the central nervous system which regulate the winter hibernation. Extirpation 
of the anterior brain of turtles causes disorders in their winter hibernation and pri- 
marily changes in metabolism due to environmental temperature fluctuations. 

Special motor activity aimed at maintaining the temperature of the hive at a con- 
stant level is observed in bees (‘‘ventilator-bees”). 
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Concept of Heat Regulation 


Constant body temperature in animals is maintained by a special nervou: 
mechanism which regulates a number of physiological functions. The com. 
plex regulation of the physiological processes, which balances heat pro- 
duction and heat loss in the body and, therefore, ensures the maintenanc:: 
of a constant body temperature, has been termed “heat regulation” 
(thermoregulation). The animals that do not have this physiologicai 
mechanism are designated as poikilothermal, while those having this 
regulatory mechanism are known as homoivthermal. These designation; 
have replaced the formerly used terms “cold-blooded” and “warm-blooded” 
animals. 

Since poikilothermal animals have no heat-regulating mechanism they 
sometimes develop a very high body temperature (at high environmental 
temperatures or during muscular work). For example, in the sun the 
temperature of a lizard rises to 40°C, while the Mediterranean tuna fish 
develops a temperature of up to 36°C during fast swimming. The same is 
observed in insects flying on summer days. When not extensively heated 
by muscular work or by the sun the body temperature of poikilothermal 
organisms is close to the temperature of the external environment, exceed- 
ing it only by decimal fractions of a degree as a result of the heat 
liberated in the body. In their vital activity the poikilotherms, therefore. 
depend on the temperature of the external environment. With a drop in 
the environmental temperature they grow torpid due to a sharp decrease 
in metabolism caused by the lowered temperature of their own body tissues. 

The homoiothermal organisms present an entirely different picture. 
Their vital activity is in large measure independent of the temperature 
conditions of the external environment because of their constant internal 
temperature. This constancy is due to the interaction of two interlinked, 
though aimed at opposite directions, processes—regulation of heat produc- 
tion and regulation of heat loss. Both these processes are conditioned by 
the activity of the central nervous system which regulates metabolism, 
circulation, perspiration and the work of the skeletal muscles; contractions 
of the latter, for example, lead to the production of heat. 


Some animals are capable of temporarily changing from a homoiothermal to a poi- 
kilothermal state and vice versa. This transition is observed in all animals that hiber- 
nate in winter or summer, and these animals are, therefore, called heterothermal. 
Heterothermy is a characteristic acquired in the evolutionary process later than homo- 
iothermy. This characteristic is of enormous importance for adaptation to unfavourable 
conditions (for example, shortage of food or water). Like all phenomena of heat regu- 
lation heterothermy is ensured by the activity of the central nervous system and is 
accompanied by a number of changes in the endocrine system. 

Thus, a yellow gopher may be observed to sink into summer hibernation (as a result 
of adaptation) after being temporarily immobilized by having its extremities tied. Rc- 
moval of part of a forest dormouse's cerebral cortex interferes with its winter hiber- 
nation. Finally, effectuation of the conditioned reflexes to cooling developed in a 
hedgehog leads to a drop in its body temperature and to hibernation. Hibernation is, in 
its turn, accompanied by a loss of many of the conditioned reflexes developed in the 
animal beforehand; they do not manifest themselves directly after its awakening. The 
animal can be awakened from hibernation by an injection of thyroxin or substances 
stimulating the sympathetic nervous system (benzcdrine). 

Animals sink into a hibernating state only when certain changes in the chemical 
composition of the tissues occur. These include, primarily, an accumulation of fat 
reserves. It has also been ascertained that the concentration of ascorbic acid in the 
blood and tissues plays an important part: animals (gophers) with a low ascorbic acid 
content do not lapse into hibernation. Variations in the environmental temperature 
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are of no importance to the hibernation of most of the winter-hibernating mammals, 
though at high environmental temperatures their hibernation is considerably delayed 
und may not take place at all. Winter and summer hibernation is characterized by a 
practically complete disconnection of the nervous mechanisms of thermoregulation and 
by poikilothermy. However, excessive cooling of the hibernating animal leads to its 
immediate awakening. 


Body Temperature and Its Normal Variations 


Topography of body and skin temperature. The temperature of 37°C 
accepted as normal for the human body is only a mean figure with more 
or Jess pronounced regular deviations. It is very difficult to measure the 
mean body temperature, since that is really only the temperature of the 
blood in the right heart. The accepted mean temperature is, therefore, the 
temperature meas- 
ured in the arm-pit or 
in the rectum. In the 
latter, however, it is 
0.3 to 0.59 higher than 
in the former. 

The highest tem- 
perature is observed 
in the liver where 
(here is, apparently, 
the highest rate of 
heat production per 
unit of the organ’s 
weight. Muscles show 
a high temperature 
during hard work. 
The blood in the pul- 
monary artery has a 
higher temperature 
than that in the left 
portion of the heart 
since much heat is 
lost in the lungs. 

There are charac- 
teristic topographic 
differences in the tem- 
perature of thehuman 
skin. The highest tem- i i 
perature is observed Fig. 161. Topography of skin temperature in man 
in the skin of the (after A. Slonim). 
trunk and the head. 

The temperature of the skin of the extremities lowers from the 
proximal to the distal parts. There is a stable difference in tempera- 
ture between the portions of the skin covered and uncovered by clothing. 
It should be noted that in people inured to cold the temperature 
of the skin on the extremities is relatively higher and differs less from 
that of the trunk than in people who are not inured to cold; the tempera- 
ture of their skin is determined, on the one hand, by that of the environ- 
ment—the surrounding air, and on the other hand, by the amount of blood 
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Fig. 153. Diurnal variations in body tomperature of man travelling 
from Moscow to Vladivostok (after Kandror). 
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supplied to the skin (this amount is regulated mainly by the tone of the 
arterioles). Such characteristic topography of cutaneous temperature is 
typical of man and (Fig.151) of simians; it is but weakly expressed in 
other mammals. 
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Diurnal variations in body temperature. The most regular changes in the 
human body temperature are its diurnal variations. Fig. 152 shows a diurnal 
eurve of the human body temperature in comparison with the values of 
energy output—heat loss and metabolism (production of CO,). The highest 
body temperature is observed during the day (between noon and 4 o'clock in 
the afternoon); the temperature gradually drops and reaches its lowest level 
(about 36°C) in the early morning hours (about 4 o’clock); after that the 
temperature begins to rise again and reaches a relatively high level by 
noon. These changes in the body temperature are characteristic of people 
«everywhere. In people who move from East to West or from West to East 
(for example, from Vladivostok to Moscow or vice versa) the body tem- 
perature varies with the time of day in the new place (Fig. 153) and, con- 
sequently, alters compared with the temperature curve in the former place 
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uf residence (when it is 4 o’clock in the morning in Vladivostok, i.e., the 
lime of the lowest body temperature, it is 11 o'clock in Moscow, i.e., the 
time when the body temperature approaches its highest). The diurnal curve 
of body temperature is determined by the physical factors of the external 
environment for animals and, mainly, by social factors for man, partic- 
ularly by the rhythm of the surrounding life which dies down at night. 
Diurnal periodical variations are also observed in a number of other 
physiological functions. Thus, for example, the respiratory rate, the com- 
position of the alveolar air, the pulse rate, the rate of metabolism, the 
blood pressure, the value of diuresis, the sugar concentration in the blood, 
etc., are all subject to similar diurnal changes. All these diurnally observed 
variations are due to the periodical changes in the central nervous system 
(probably the hypothalamic region and the cortex) which reflect the regime 
of the bodily activity under the influence of the external environment. 
Experimental studies of the diurnal rhythm of the body temperature and 
other physiological functions, made on simians, have shown that with 
distortions of the mode of life, i.e., with changes in the food and lighting 
regime, the temperature curve also completely changes (Fig. 154). More- 
over, by lighting the room in which a simian lives twice a day for six 
hours each and by darkening it for as long a time it has been possible 
experimentally to create a diphasic day with each phase lasting 12 hours. 


The diurnal rhythm is, thus, not an inborn property of the organism, bu: 
is developed in the process of individual life. It requires from 5 to 8 day». 
to extinguish or alter the established rhythm. A new conditioned reflex 
in response to time is, apparently, formed in this case, i.e., it is developed 
in response to a new cycle of metabolic processes in the organism, chang- 
ing the organism's total behaviour in a very definite sequence (O. Shcher- 
bakova). 

It has not been possible to produce these alterations in the diurnal pe- 
riodicity of the physiological processes of man under artificial laboratory 
conditions. These distortions are possible, as before stated, when travelling 
from East to West or from West to East because they are due to changes 
in the entire mode of life. It should be noted that night work, even when 
done for a long period of time (years) does not always alter the diurnal 
rhythm in man because the diurnal rhythm of the surroundings (social) 
does not change. That is why in a change of residence (in relation to longi- 
tude) the diurnal rhythm alters much faster than in an individual change 
of work and rest, of sleeping and waking hours. 


Muscular activity may markedly ruise the human body temperature. In this case 
a veritable “fever” reaching 38°C and higher is observed; after cessation of work the 
temperature rapidly returns to normal. The rise in temperature during work cannot 
explain the diurnal variations in the body temperature because the latter occur even 
in strictly bedridden people and form a sort of time “mcasure” for the central nervous 
system, a “measure” based on the conditioned-reflex mechanisms. 

The temperature of the body varies most with the extremes of external tempera- 
tures, 


A small rise in body temperature (within the limit of 1°) may be observed 
in man and animals at a low external temperature. Only as a result of con- 
siderable and prolonged cooling does the temperature of the body begin to 
drop. The rise in body tempcrature during moderate cooling is explained 
by the fact that the heat production exceeds even the physical loss of heat 
which increases as the temperature drops. A slight drop in body tempera- 
ture can similarly be observed under the influence of moderate heating. 

The foregoing explains the fact that no differences in the human body 
temperature under various climatic conditions have been found as yet. The 
greatest variations in body temperature under thermal influences of thc 
external environment are normally always fully compensated by the 
changes in heat production and heat loss which constitute the phenomena 
of thermoregulation. 

The limits of external temperature within which a constant body tem- 
perature can be maintained are entirely different for man and animals. For 
modern man it all comes down in most cases to a slight variation (several 
degrees) in the “under-the-clothes” climate. As to animals, especially under 
arctic conditions, cases are known in which a constant body temperature 
of 40°C is maintained at an environmental temperature of —60°C. The 
difference between the external and internal temperature of the polar fox. 
for example, may reach 100°C. Of enormous importance here are the pecu- 
liarities of the animal’s integuments (hair and the subcutaneous layer of 
fat) which play the same part in the struggle against body cooling as warm 
clothes do for man (diminution of heat loss). 

The ability of an organism to adapt itself to high external temperatures 
is much more limited. Most animals (including those that live in the trop- 
ics) cannot stay in a temperature above 45 to 50° for any length of time. 
In man and certain simians (with well-developed perspiration) the body 
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temperature is maintained at a constant level even at very high external 
temperatures (up to 45°C) depending on the relative humidity of the air. 
Man can also endure unusually high temperatures, up to 100°C and higher, 
for very brief periods of time (a few minutes). In these cases, however, the 
body temperature shows a considerable rise. 


Chemical Heat Regulation 


Chemical heat regulation implies all the physiological processes which 
condition the changes in metabolism and in heat production in the human 
or animal body. Chemical heat regulation manifests itself in increased 
metabolism under the influence of low environmental temperature. In this 
case the increased heat production protects the body against cooling. Con- 
trariwise, under the action of high en- 
vironmental temperatures metabolism 
decreases which is one of the ways of 
fighting overheating. Fig. 155 shows 
changes in human metabolism at dif- 
ferent external temperatures. Com- 
parative physiological studies show that 
under normal conditions chemical heat 
regulation in man is less pronounced 
than in animals. This phenomenon is duc 
to the well-developed regulation of the 
lumens of the cutaneous vessels in man 
and the conditions of his existence -8 0 +8 +6 +3 +32 
(clothes, dwelling) which reduce the loss (orem 
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of heat. An increase in metabolism dur- “ig. 155. Chemical heat regulation in 
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animals at complete muscular rest. Fur- temperature at differont environmental temper- 
ther cooling leads to a greater increase atures shown under abscissa. 

in metabolism because of the appearance 

of shivering. Muscular movements may be of even greater importance. Spe- 
cial studies have shown that simians perform a greater number of jumps in 
winter (vertical, in particular) than in summer; these movements ensure 
intensified heat production under conditions of cooling. 

It is clear that metabolic changes in the skeletal muscles play the prin- 
cipal part in the chemical heat regulation. As the external temperature 
drops a considerable part of surplus heat can also be produced in the liver. 
Denervation of the liver in animals reduces the intensity of their chemical 
heat regulation. 

During cooling the changes in the metabolism of the muscles occur as a 
result of shivering and of regulation by the nervous system of the tissue 
metabolism, changes which do not have to involve muscular contractions. 
By completely eliminating muscular movements in animals with the aid of 
curare and by maintaining life by artificial respiration it is still possible to 
observe an increase in metabolism during cooling. This phenomenon, 
known as “chemical muscle tone,” reflects the direct trophic influences of 
the nervous system on the metabolism in the skeletal musculature. 

The same has been confirmed by experiments studying the metabolism 
in an isolated extremity of the dog under conditions in which only a neural 
connection with the body was maintained. These experiments (Freund and 
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Jansen) have shown that metabolism in such an extremity fed by defibri- 
nated blood increases simultaneously with the increase in the metabolism 
of the cooled organism. Cutting the main nerve trunks, but leaving the 
vessels intact does not destroy the neural connections with the body. It has 
been found that chemical heat regulation can be effected through the nerve 
fibres running in the adventitia of the large vessels. Destruction of these 
nerve fibres by painting the vessels with carbolic acid terminates the effect 
of metabolic regulation. 

The nervous influences which regulate the intensity of heat production 
(metabolism) in accordance with the changes in the environmental temper- 
ature, i.e., the influences which ensure chemical heat regulation, are con- 
ducted to the musculature and, probably, to the liver along sympathetic 
nerve fibres. 

L. Orbeli and A. Tonkikh have shown that after removing the sympathetic 
nervous system stimulation (puncture) in the region of the tuber cinereum 
does not cause any increase in metabolism or in body temperature, whereas 
normally this puncture raises the body temperature for several days. Other 
experiments have confirmed the importance of the sympathetic nervous 
system as a conducting apparatus propagating impulses, which determine 
the changes in metabolism from the central nervous system. However, heat 
is chemically regulated not only by direct influences of nerve impulses on 
the muscle metabolism and the liver,* but also through the action of hor- 
mones. Variations in the hormone concentration in the blood connected 
with the changes in environmental temperature also depend on the nervous 
system. 

The thyroid gland plays an important part in chemical regulation of heat; 
this function is also regulated by the central nervous system. With the re- 
moval of the thyroid chemical heat regulation sharply decreases; its func- 
tion also diminishes in animals during winter hibernation. After extirpation 
of the spinal cord below the first thoracic segment some heat regulation is 
retained, but it disappears after severance of the nerve fibres which inner- 
vate the thyroid gland and run to it from the first thoracic segment of the 
spinal cord through the cervical sympathetic ganglion. 

The adrenals also come into play in the regulation of heat. 


Physical Regulation of Heat and Channels of Heat Loss 


Physical regulation of heat implies the sum total of the physiological pro- 
cesses which lead to an increase or decrease in the loss of heat by the body. 
Heat may be lost into the environment in three ways: by convection, radia- 
tion and evaporation. Heat is lost by convection when the temperature of 
the air or of the surrounding objects (with which the surface of the body 
comes in direct contact) is lower than that of the skin. Heat loss by radia- 
tion may occur when the temperature of the air corresponds to that of the 
skin, but the temperature of the surrounding objects located at some dis- 
tance from the animal or man is lower. The loss of heat in a room with 
warm air but with cold walls is a typical example of heat loss by radiation. 
Heat loss by evaporation is connected with the output of heat for the evap- 
oration of sweat by the surface of the skin and of water—by the surface 
of the respiratory passages and the alveoli. 


* OF course, the metabolic changes in the other organs also play a part in the 
chemical regulation of heat, though a quantitatively small part. 
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Even when no perspiration is visible (at a temperature of 15 to 20°C) a 
certain amount of water (about 0.4 to 0.6 litres per day) evaporates through 
the skin (perspiratio insensibilis). Since the expired air is always practi- 
cally fully saturated (95 to 98 per cent) with water vapours, which have 
the temperature of the body, and the inspired air is usually only 50 to 80 
per cent saturated with them, 0.3 to 0.4 litres of water a day is also evap- 
orated with the expired air. Thus, even at moderate temperatures man 
evaporates 0.7 to 1 litre of liquid per day which 
corresponds to a heat loss of 400 to 600 large cal- 
ories and constitutes 20 to 30 per cent of the total 
heat loss. Much more heat is lost by evaporation 
at. high environmental temperatures. 

Heat loss may widely vary with the functions of 
the special physiological mechanisms which regu- 
late it, i.e., with physical heal regulation. These 
mechanisms include the reaction of the culaneous 
vessels, perspiration, the reaction of the smooth 
muscle fibres of the skin and the changes in the 
position of the body. 

When environmental temperature is below 10°C, 
70 to 80 per cent of the heat is lost by convection 
and radiation. In this case vascular reaction plays 
the principal part in the regulation of heat loss. 
The skin and, especially, the layer of the subcutan- 
eous fatty cellular tissue are very poor heat con- 
ductors owing to which heat is very slowly con- 
ducted directly from the internal parts to the 
skin; for practical purposes the value of heat 
lost by convection is determined by the amount pig. 156. Reactive con- 
of blood flowing through the vessels of the skin traction of cutaneous ar- 
because the blood is noted for its high heat teriovenous anastomosis. 
conductivity. The less blood flows through the ¿fend Ar arterion AF--ar. 
cutaneous vessels the lower the temperature vein. Top—anastomosia opon, 
of the skin and, consequently, the smaller the bottom -anastomonis obliter- 
difference between the temperature of the skin and i 
that of the environment. 

The most important way of reducing the loss of heat is to reduce the flow 
of blood to the skin. This is accomplished by a constriction of the arterioles 
of the subcutaneous vascular plexus (Fig. 156). As the cutaneous vessels 
become constricted the skin turns pale and the temperature drops. Cooling 
causes a constriction not only of the cutaneous vessels, but also of the deeper 
ones, especially in the extremities, which leads to a reduced circulation 
in these vessels. In this case the blood depots (spleen and liver) receive a 
good deal of the blood. 


Voluntary regulation of heat loss achieved by a choice of clothes depending on the 
Cnvironmental temperature is of extreme importance to man. The fur plays a big part 
in limiting the heat loss in animals. Heat loss varies with the change of the fur in 
autumn and spring (moulting); it is made to conform with the temperature of the com- 
ing season. During summer and autumn many animals accumulate a lot of fat (this 
atso occurs with aquatic mammals) which also contributes to lowering the heat con- 
ductivity of the skin. 





A contraction of the smooth muscles of the skin (mm. arrectores pilo- 
rum) is observed at low temperatures; as a result of this contraction the 
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position of the hair in the fur alters at the same time changing the amount 
of air in the fur and its heat-protective properties. Man has retained a rudi- 
ment of this reaction in the form of “goose flesh” observed in cooling. A 
similar reaction is also noted in simians. 

Changes in the position of the body should also be included in the phe- 
nomena of physical heat regulation. At low environmental temperatures 
some animals curl up in a manner that reduces the total surface of the 
body exposed to cooling. In some measure this also holds true for man. 


Perspiration 


The maintenance of a normal body temperature at a high environmental 
temperature requires a greater loss of heat. This is accomplished by a dila- 
tation of the cutaneous vessels, by a change in the position of the animal's 
body (“sprawling”) and by a change in the pitch of the hair in the fur. 

But all these reactions of the body can increase the heat loss only within 
the limits of environmental temperatures which are below the temperature 
of the skin. At environmental temperatures above that of the skin heat is 
lost only by evaporation. Since the body has only two channels for evapo- 
ration of liquid—the surface of the skin and the surface of the respiratory 
passages—the physiological mechanisms for regulating heat loss by evapo- 
ration discharge precisely this function. Evaporation from the surface of 
the human skin increases owing to a change in the function of the sweat 
glands. Some animals, for example, the horse and the simians, have a 
similar mechanism. 

Man perspires very little at low and moderate temperatures, but his per- 
spiration sharply increases at high temperatures. A very rapid increase in 
the secretory function of the sweat glands, a “profuse sweating,” is charac- 
teristic of high temperature. Direct studies of the amount of sweat secreted 
on the surface of the human skin show that the sweat glands react very 
strongly to changes in the production of heat. 

Very hard muscular work and consumption of hot liquids sharply in- 
crease perspiration. Secretion of 5 to 6 litres of sweat a day in hard mus- 
cular work is a rather frequent occurrence and sweat is secreted even in 
freezing weather. Prolonged exposure to high environmental temperature 
and hard muscular work may cause man to lose 10 to 12 litres of water a 
day through sweating. 

The intensity of perspiration is determined by weighing man in the be- 
ginning and at the end of the examination. The loss of weight plus the 
weight of the water and food consumed minus the voided urine and faeces 
indicate the value of perspiration. 

The sweat glands are innervated by fibres belonging to the sympathetic 
nervous system; these nerve fibres are axons of cells located in the sym- 
pathetic ganglia. The peculiarity in the function of these axons (postgan- 
glionic sudoriferous sympathetic nerve fibres) is that adrenalin does not in- 
fluence the sweat glands; their secretion is stimulated by acetylcholine. 

The central efferent mechanisms of perspiration are located segmentally 
along the entire spinal cord corresponding to the distribution of the neu- 
rons from whose axons the sympathetic fibres are formed. Regional dis- 
orders of perspiration are, therefore, an important diagnostic symptom of 
disease of corresponding divisions of the spinal cord. 
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Role of Respiration in Heat Loss 


In a number of animals that have no sweat glands (for example, dogs) 
heat loss by evaporation is effected through changes in the frequency and 
depth of respiration, the so-called thermal polypnoea. The latter consists 
in a marked acceleration of breathing (120 to 600 respirations per minute). 
In polypnoea the respiratory movements are shallow, the mouth is open, 
the tongue hangs out and a greater amount of thin saliva is secreted. All 
this leads to evaporation of considerable amounts of liquid from the surface 
of the oral cavity and the upper respiratory passages and to a considerable 
cooling of the body. If the dog is muzzled even a brief stay in the sun leads 
to a sharp increase in its body temperature and death.* 

Polypnoea (like the other physiological mechanisms of heat regulation) is 
an extraordinarily fine mechanism for balancing the temperature of the 
body’s internal and external environment. A more or less appreciable rise 
in the dog's body temperature is preceded by polypnoea. In dogs, particu- 
larly in long-haired animals, heating is unusually rapidly followed by poly- 
pnoea. It is easily inhibited by various external stimuli (strong sound, light, 
etc.). Conditioned-reflex polypnoea can be easily produced in dogs. In pups 
polypnoea appears on the 12th day after birth, i.e., towards the beginning 
of conditioned-reflex activity which unites the rcgulation of movements 
and vegetative functions. 

With the destruction of the dog’s midbrain thermal polypnoea disappears. 


Role of Vascular Reactions in Heat Regulation 


Vascular reactions to thermal influences are conditioned by complex 
reflex regulation including a combination of unconditioned and conditioned 
reflexes. After extirpation of the cortex, with the midbrain left intact, the 
superficial vessels in homoiothermal animals show a dilatation in heating 
and a constriction in cooling (local vascular reactions in the heated skin 
have been observed even after denervation of the cutaneous vessels and the 
skin in general). However, normal vascular reactions to temperature in- 
fluences always depend on the fine cortical regulation. Numerous studies 
have established the possibility of developing conditioned reflexes for dila- 
tation and constriction of vessels under the influence of various stimuli 
which signal the action of cold or heat as unconditioned stimuli (in these 
cases heat and cold were applied directly to the skin, or the walls of the 
stomach were stimulated with cold). A combination of these stimuli with a 
sound or light signal leads to the development of conditioned reflexes which 
cause identical changes in the lumens of the vessels. Similar effects are 
caused by verbal stimuli. For example, the effect of vascular dilatation can 
be observed in a person to whom the words “I am applying heat” are ad- 
dressed while his plethysmogram is being recorded. The vessels become di- 
lated even when these words are accompanied by the action of a cold stim- 
ulus. In this case a verbal stimulus proves more efficient than the direct 


* Thermal polypnoca is sometimes incorrectly referred to as thermal dysproea. 
Polypnoea has nothing in common with the phenomena of dyspnoea because it is 
always accompanied by a decrease in the content of carbon dioxide and an increase 
in the concentration of oxygen in the blood and in the alveolar air. The onset of dys- 
Pnoea inhibits the reaction of polypnoea. 
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action of the cold on the receptors uf the skin. The subcortical mechanism 
of thermoregulation is, consequently, under the control of the cerebral 
cortex. 

The vascular mechanism of heat regulation is revealed by plethysmo- 
graphy and by studies of the temperature of the skin. The changes in the 
skin temperature of man and animals caused by application of a cooled or 
heated body or by exposure to wind are largely due to dilatation or con- 
striction of the cutaneous vessels. Variations in the temperature of the skin 
reveal in large measure the condition of the superficial vessels, mainly 
those of the skin. 


Central Nervous Mechanism of Heat Regulation 


The heat and cold receptor endings in the skin (Chapter 67) in the 
mucosa of the respiratory passages and in the internal organs (digestive 
tract) form the receptor apparatus the stimulation of which reflexly causes 
a reaction of thermoregulation. The direct action of the blood temperature 
on the nerve centres is only of minor 
importance because the reflex changes in 
thermoregulation come into play before 
there is any alteration in the temperature 
of the blood. The warming of the blood 
may exert an appreciable influence 
only in certain pathological conditions 
which markedly reduce the sensitivity of 
the complex-reflex mechanism of ther- 
moregulation (for example, in anaesthc- 
sia, in cerebro-cortical disorders and in 
fever). 

The diencephalon is the main seat of 
the lower centres of heat regulation. The 
lower central neural structures which 





Fig. 157. Diagram of central nervous 


mechanisms of heat regulation. regulate all the complex processes con- 
1 tuber cinereum; 2--corpore mamimillaria; nected with heat exchange are located 
3—hy pophysis. in the tuber cinereum, in the floor and 


the walls of the third ventricle (Fig. 157). 
Destruction of the tuber cinereum or its disconnection from the lower divi- 
sions of the brain give rise to stable poikilothermy, and the animal dies with 
symptoms of lowering body temperature even when the temperature of the 
environment remains normal. The main centres of heat regulation are locat- 
ein the hypothalamic region of the brain which is the lower division of the 
central apparatus of chemical thermoregulation. Stimulation of this region 
with induction current causes a rise in body temperature. A lowering of the 
temperature of the blood which flows to the region of the midbrain pro- 
duces a similar effect. 


Indications have lately appeared that it is possible to maintain an animal's body 
temperature within certain limits even after severing the brain stem waich, thus, 
separates the body from the aforesaid centres of thermoregulation. Some compen- 
sation, apparently, occurs because of the reflex arcs closing in divisions of the central 
nervous system below the diencephalon (N. Popov). However, the range of adjustment 
to various temperatures of the external environment and the physiological significance 
of these phenomena can in no way compare with the powerful processes of thermo- 
regulation brought into play by the higher divisions of the central nervous system. 
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In addition to the tuber cinereum, the medulla oblongata and subcortical 
structures heat regulation is, undoubtedly, influenced by the neural elc- 
ments of the so-called corpus striatum (Chapter 59). According to the data 
of the eighties of last century, which were, incidentally, the first to show 
the results of the studies of localizing the heat regulation mechanisms, a 
puncture into the corpus striatum (so-called heat puncture) produced a rise 
in temperature which lasted many days (Ch. Richet et al.). With the extir- 
pation of the tuber cinereum the effect disappcars. The statement of this 
fact exhausts the information on the role of the corpus striatum in thermo- 
regulation. 
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Fig. 158. Conditioned-reflex changes in chemical heat. regulation in the dog 
(after R. Olnyanskaya and A. Stonim) (explanation in text). 


With a normally functioning central nervous system the midbrain and 
the corpus striatum are under the constant influence of the ccrebra: cortex 
which initiates the processes of thermoregulation according to the condi- 
tions arising during the individual's lifetime. 

Studies conducted in the laboratory headed by K. Bykov (A. Slonim el. 
al.) have shown that the conditioned-reflex mechanisms of chemical ther- 
moregulation play a very big part in maintaining the constancy of body 
temperature and in regulating metabolism. This finds proof, for instance, 
in the fact that a dog daily brought into a room with a temperature of 
12°C and kept there for 4 hours develops a high rate of metabolism under 
the influence of the low environmental temperature, the rate of metabo- 
lism increasing from the first hour to the fourth. After 10 to 12 repetitions 
of this experiment the dog is brought to the same room, but the room tem- 
perature is now maintained at 22"C from the very outset. The dog shows 
the same high metabolic rate under these conditions as it did at 12°C, the 
metabolic rate rising from the beginning to the very end of the experiment. 
By putting the dog daily in the room with a 22°C temperature it is possible 
to observe a lowering of metabolism which after the same 10 to 12 days is 
maintained at a low rate from the beginning to the end of the experiment 
(Fig. 158). In this case we are dealing with a conditioned-reflex reorganiza- 
tion of the chemical heat regulation, a stable reorganization which requires 
considerable time for its extinction. In experiments conducted in the 
reverse order, in the absence of conditioned reflexes developed in response 
to cooling or heating (including the time of day when this takes place) chem- 
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ical thermoregulation manifests itself very weakly and starts much later 
than the influence of the temperature. 

Similar experiments performed on a number of representatives of mam- 
mals and birds have fully confirmed the data obtained on dogs. Cortical 
regulation of heat and metabolism is, apparently, an important and general 
physiological law for the higher animals. 

Similar facts were established for man both in laboratory investigations 
and in studies of heat exchange under conditions of customary work. For 
example, facts testifying to the importance of the conditioned-reflex mecha- 
nism of chemical thermoregulation in man were established by studies of 
railway workers—freight train conductors in winter. As the conductor 
moved away from the point of departure with its warm room, where he 
had stayed before leaving, the gaseous exchange sharply increased. On the 
way back the consumption of oxygen decreased the closer the moment 
when the conductor would find himself in a warm room. In both cases the 
conductor was continuously exposcd to the same intense cold and none of 
the physical conditions of heat loss were altered. People who never trav- 
clled on an open platform and were never exposed to cold for long periods 
of time showed a much lower metabolic reaction. During the ride on the 
brakeman’s platform they experienced oppressive sensations of chilling: 
the conductors did not have these sensations. 

The conditions under which the effect of cold is felt and the very work 
done at this time become signal stimuli for the processes of chemical ther- 
moregulation in man. The latter is particularly closely connected with cor- 
tical influences on metabolism. 

Thus, the centres of thermoregulation function reflexly when corre- 
sponding receptors are stimulated. There are no isolated subcortical reac- 
tions of thermoregulation, however, because in the process of individual 
life all regulation of the heat exchange is subject to the control of the cere- 
bral cortex as a result of the development of numerous extero- and intero- 
ceptive conditioned reflexes. The processes of heat regulation, a very im- 
portant factor in the constant relations between the body and the 
environment, become highly specific under conditions of rest and multi- 
farious activity. This specificity explains many questions in the adjustment 
of the body to the thermal conditions of the environment. 


Heat Regulation Under Natural Conditions of Existence 


The combination of conditioned and unconditioned reflexes, which come 
into play under the influence of stimuli of the external environment, pro- 
duces various changes in chemical and physical thermoregulation. 

The natural signals concomitant with the heating or cooling of the body 
all through its life play an especially important part in heat regulation. 
Thus, a constriction of vessels may be observed by showing a person ice on 
a hot day; the reaction of polypnoea can be brought about in the dog by 
solar radiation at a low environmental temperature. This signalization en- 
ables the body to react quickly by thermoregulation in response to changes 
in the external or internal thermal conditions. 

These mechanisms undoubtedly play a prominent part in the body’s ad- 
justment to heat and cold, which is usually referred to as temperature accli- 
matization. The complex-reflex mechanisms of heat regulation are also 
very important in the reaction of the body to complex combinations of 
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cooling or heating stimuli. Thus, for example, the movement of air (wind) 
exerts a cooling influence on the body (increase in convection) because of a 
better exchange of the air heated near the surface of the body. If we sect warm 
air in motion that does not physically cool the body it causes a reaction 
characteristic of cooling, i.e., an increase in metabolism, because under the 
natural climatic conditions of the central zone a movement of air usually 
causes an increase in heat loss. In this casc the wind is a natural condi- 
tioned stimulus, a signa! for cooling. 

Under conditions in which heat loss by radiation prevails, for example. 
in a building with metal walls or in one heated by stoves, i.c., in a build- 
ing with warm air and cold walls, the reaction of thermoregulation (in- 
crease in metabolism, constriction of cutaneous vessels) markedly decreases 
or appears a long time after the beginning of cooling. In these cases the 
natural signal stimulus—-the effect of the cold air on the receptors of the 
skin and mucous membranes—drops out. This form of cooling, extremely 
unfavourable to the body, causes a considerable lowering of the body tem- 
perature due to the weak and late reaction of thermoregulation. The normal 
reaction to heat and cold. which equalizes the body temperature with suf- 
ticient speed and precision, apparently, comes into play in the body only 
according to a certain pattern—a combination of stimuli developed in the 
course of individual life. A breach in this pattern both in heating and 
cooling reduces the speed and precision of the thermoregulatory reaction 
and may lead to pathological phenomena. This is also evident from the 
fact that workers in a refrigerating plant who find themselves in it 
under uncustomary conditions (in an unusual horizontal position) hardly 
show the increase in the consumption of oxygen (heat production) at a low 
temperature that always occurs in the same workers when they are in the 
same circumstances and at the same temperature, but under customary 
conditions—in a sitting posture. 


Knowledge of the physiological mechanisms which cnsure a high degree of the 
body's resistance to cooling, i.e.. inure it to cold, is of considerable practical impor- 
lance. More or less brief exposures to cold in combination with physical exercises or 
games are ordinarily used to inure the body to cold. A high degree of resistance to 
cold may be developed by water procedures—sponging down with cold water, show- 
ers, bathing (for example, in autumn) at a continuously lowering temperature in 
natural reservoirs. A similar effect is produced by continuously lowering the temper- 
ature of the air which contacts a large surface of the naked human body. Studies 
have shown that the process of inuring the body to cold leads to a certain rise in the 
lemperature of the skin, especially of the extremities. An increase in metabolism, 
more pronounced under the action of a cold stimulus, is observed at the same time. 
Thus, for example, physical exercises in seasonal clothes, even if performed outdoors 
during the autumn and wintcr season, do not increase resistance to cooling. Simi- 
larly, too great physical exertion in cold air, which docs not produce the sensation of 
cooling, does not lead to an increased resistance to cold despite the numerous repe- 
tilions of the exercises. 


Adjustment to high environmental temperatures consists in a decrease 
in heat production and in perspiration followed by an increase in heat 
loss by convection (dilatation of the cutancous vessels). This is accom- 
panied by a decreased consumption of water which is of considerable im- 
portance to maintaining the salt composition of the blood frequently 
unbalanced by abundant perspiration. A certain decrease in the intensity 
of muscular movements (in animals) must, apparently, also take place. 


Thermoregulation during muscular activity reduces the sensitivity of the body to 
cooling, especially external cooling. Muscular activily and the increased heat produc- 
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tion associated with it must be regarded, on the one hand, as an intensive interoceptiy. 
heat stimulus which inhibits, probably by way of cortical induction (Chapter 62), 1h, 
effect of exteroceptive thermal cold stimuli. On the other hand, the introduction c.: 
interoceptive thermal stimuli during muscular work (for example, drinking hot wate: 
causes a lowering of the general metabolism, including the energy output for muscu. 
lar activity, Studies have shown that interoceptive thermal! conditioned reflexes con 
tinuously inhibit the exteroceptive reflexes, i.c., the increased internal heat producti 
reduces the precision in the regulation of the body temperature under the coolinc 
action of the external environment. 


The factors of the external environment connected with the scasons anc 
the diurnal cycle exert a tremendous influence on the processes of thermo- 
regulation. Chemical thermoregulation is more intensive in winter than in 
summer. Contrariwise, the reaction of the cutaneous vessels (physical 
thermoregulation) is greater in summer. In the daytime (also under the 
influence of the rays of the visible part of the spectrum) chemical thermo- 
regulation is more vigorous than at night. Utilization of these factors is of 
considerable importance in the struggle against chilling under different con- 
ditions of human activity. 


PART IX 
EXCRETORY PROCESSES 


The processes of excretion consist in the elimination of compounds 
which are formed during tissue metabolism and cannot undergo any further 
changes in the body. The excretion of these compounds, known as the end 
products of metabolism, is the last stage in the metabolic exchange between 
the body and the external environment. 

All metabolites excreted from the body (except gases) are voided in the 
form of aqueous solutions. Water, therefore, constitutes the bulk of the 
excreta by weight. 

In addition to the compounds which are formed during tissue metabolism 
and which do not undergo further transformations in the body (end products 
of metabolism) the latter, as a result of excretory processes, also voids com- 
pounds formed by disintegrated cells and the foreign bodies which enter 
the organism with the food. 

The excretory processes play a most important part in maintaining the 
relative constancy of the body's internal environment without which life 
is impossible. The higher the phylogenetic development of the organism 
and the more developed its nervous system the more sensitive it is to varia- 
tions in the constancy of its internal environment. 

Disorders of the excretory processes kill higher animals much faster than 
do food deficiencies. Whereas complete starvation (but with drinking water 
necessary for the same excretory processes) results in the death of a 
human being in only 10 to 20 (sometimes less and sometimes more) days 
the full cessation of the excretory functions of the kidneys alone causes 
death in a few days. 

The products eliminaled from the body are known as excrete. They in- 
clude: a) carbon dioxide eliminated (by terrestrial animals) almost exclu- 
sively with the expired air through the lungs; b) end products of protein 
metabolism, mainly urea, but also uric acid, creatinine and other nitro- 
genous compounds; c) products of incomplete oxidation of organic sub- 
stances, for example, lactic acid and acetone bodies; d) inorganic compounds, 
i.e., salts, a certain amount of which is always excreted by the body (even 
when they are not consumed with the food); e) foreign bodics which are 
consumed with the food and which do not take part in metabolism; f) water. 

All of the substances excreted by the body (except CO,) pass through the 
kidneys; a small amount of them is also eliminated with the sweat through 
the skin and with the facces through the intestines. 
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CHAPTER 36 


EXCRETORY FUNCTION OF KIDNEYS 


The urine is formed in the kidneys and is eliminated from the body 
through the urinary channels. At least 98 per cent of the urine is wate: 
in which all the end products of nitrogenous metabolism (urea, uric acid. 
creatinine and certain other products of protein metabolism in the body. 
small amounts of which are contained in the urine) and the products of 
protein putrefaction absorbed from the intestines, are dissolved. The prod- 
ucts of incomplete oxidation of proteins, fats and carbohydrates (lactic. 
beta-oxybutyric and acetoacetic acids, acetone, etc.) are also eliminated 
with the urine. The excretion of these substances considerably increase. 
during oxygen deficiencies (for example, at high altitudes and in extremely 
hard muscular work) and in disorders of normal carbohydrate metabolism 
(in diabetes and in a high fat diet). 


Structure of Kidneys 


Microscopic studies show that the kidneys contain an enormous number 
of structures which do not communicate with each other and stand aparı 
morphologically; these structures are known as nephrons (Fig. 159 and 160). 
The number of nephrons in both kidneys may reach 2.900.000. 

The initial division of each nephron, the so-called Shumlyansky's cor- 
puscle contains a microscopic cavity. A long and narrow renal tubule, in 
which several divisions are also distinguished, arises from this cavity. The 
nephrons do not communicate with each other all through their length 
until the renal tubule enters the collecting tubule. 


The remarkable Russian microscopist A. Shumlyansky was the first to establish in 
1783 that each renal tubule arises from a microscopic cavity into which a tuft of cap- 
illaries, the malpighian glomerulus, hangs down. Shumlyansky, thus, discovered thc 
characteristic feature of the nephrons—the continuity of each nephron, which includes 
the cavity of Shumlyansky’s corpuscle (Shumlyansky’'s cavity) with a continuous 
tubule arising from this cavity and not communicating with the neighbouring tubules. 
Eighty years after Shumlyansky the English investigator Bowman confirmed all these 
data and added an indication of the existence of a very thin membrane which covers 
the capillaries hanging down into Shumlyansky’s cavity (having no oil-immersion ob- 
jective-glass Shumlyansky could not have scen this membrane). 


The structure of Shumlyansky's corpuscle is shown in Fig. 159. It is an 
almost spherical hollow formation with a tuft of capillaries—the mal- 
pighian glomerulus—formed by a number (up to 50) of capillary loops. 
pressed into it. These loops are formed from the arteriole—the vas afferens 
(see below), which divides into capillaries directly it enters Shumlyansky’s 
corpuscle; then all the loops of the capillaries of the malpighian glomer- 
ulus anastomose to form the vas efferens which begins at the very exit from 
Shumlyansky’s corpuscle. The latter, therefore, resembles a spherical gob- 
let whose very narrow neck is filled with the afferent (entering the corpus- 
cle) and efferent (leaving the corpuscle) blood vessels, while the cavity is 
nearly completely filled with the loops of the capillaries of the malpighian 
glomerulus; each of these loops arises from an afferent and empties into an 
efferent vessel. Each loop is invested with a very thin (1 to 3 # thick) mem- 
brane (Bowman’s capsule). This capsule is the continuation of the layer of 
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cells involuting into Shumlyansky’s corpuscle and forming its outer wall. 
The blood in each loop of the glomerular capillaries is, thus, separated 
from the cavity of Shumlyansky’s corpuscle by one layer of cells of the 
capillary endothelium and one layer of very thin cells which form Bow- 
man's capsule. 

The renal tubule begins from the cavity of Shumlyansky’s corpuscle 
(Fig. 160). It consists of threc divisions: the proximal convoluted tubule, the 
loop of Henle and the distal convoluted tubule. The proximal convoluted 
tubule begins directly from the cavity of Shumlyansky’s corpuscle and 





Fig. 159. Diagram of structure of Shum Fig. 160. Diagram of nephron structure. 
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makes two or three bends in the cortical substance of the kidney. Its walls 
are formed by one layer of cuboid epithclial cells whose surface, facing the 
lumen of the tubule, has a so-called “brush border"—numerous very thin 
threads protruding into the cavity of the tubule. This makes for a resem- 
blance between the epithelium of the proximal convoluted tubule and the 
absorbing epithelium of the small intestine. The diameter of the proximal 
tubule is about 50 (0.05 mm.) and its length—about 15 mm. 

The distal tubule passes into the loop of Henle, a U-shaped tube running 
into the medulla of the kidney and returning thence to the renal cortex. 
The descending limb of Henle’s loop, which begins from the proximal con- 
voluted tubule, is much thinner (15 to 20 x») than the ascending limb which 
returns to the cortical part. This is the so-called thin segment of Henle’s 
loop found only in the kidneys of mammals. Henle’s loop passes into the 
distal convoluted tubule whose cuboid epithelial cells, like those of Henle’s 
loop, have no brush border. This is the terminal division of the nephron. 
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The total length of the nephron is approximately 35 to 50 mm. With the 
2,000,000 nephrons in both kidneys the total length of all the tubules put 
together is 70 to 100 kilometres, while the total surface of their inner 
layer equals 5 to 8 m.? which is 3 to 5 times the surface of the body. 

The nephrons end by entering collecting tubules which take no part in 
the production of urine, but serve only for transporting it to the renal 
pelvises from which the ureters arise. 

Renal blood supply. The blood supply of the kidneys differs from that 
of all other organs of the body by the fact that the blood flowing into the 
kidney consecutively passes through two sets of capillaries (Fig. 160): the 
capillaries of the malpighian glomeruli and those entwining the renal tu- 
bules. The capillaries of the malpighian glomerulus are formed from a wide 
(about 50 in diameter) arteriole, a branch of the interlobular arteries 
which receive their blood from the renal artery. Each arteriole that enters 
Shumlyansky’s corpuscle is called an afferent vessel (vas aflerens). Upon 
entering the cavity of Shumlyansky’'s corpuscle the afferent vessel immedi- 
ately branches out to form the loops of the capillaries of the malpighian 
glomerulus. The blood pressure in these capillaries is higher than in any 
other capillaries in the body reaching 60 to 70 per cent of that in the aorta, 
i.e., 70 to 90 mm. Hg. This is due to the fact that the afferent vessel is wider 
and shorter than the arterioles in all the other parts of the body. In flowing 
through this vessel the blood, therefore, spends little energy on overcoming 
friction. 

Just before leaving Shumlyansky’s corpuscle the capillaries of the glom- 
erulus immediately anastomose again into one so-called efferent vessel (vas 
efferens), which because of its structure belongs to arterioles rather than 
veins. The efferent vessel branches out again as a result of which a second 
set of renal capillaries is formed; these capillaries entwine all the divisions 
of the tubular system. Thus, the tubules are bathed by the blood which has 
already gone through the capillaries of the glomerulus (only a small part 
of the capillaries which entwine the tubules may arise from arteries that 
take no part in forming the glomerular capillaries). The blood pressure in 
the capillaries of the tubules is not high (20 to 40 mm. Hg) since the blood 
that enters them has overcome the resistance of the glomerular capillaries 
and the thin efferent vessel. 

About 15 to 20 per cent of the total blood pumped by the heart into the 
aorta circulates through the kidneys; in man this constitutes 1 to 1.2 litres of 
blood per minute. During muscular work the vessels of the kidneys become 
constricted and somewhat less blood (10 to 20 per cent) can flow through 
them than at rest. Much less blood is supplied to the kidneys when adren- 
alin enters the blood and after considerable hacmorrhages. 

The regulation of renal circulation is noted for certain peculiarities. In 
changes of the external temperature the blood supply to the extremities 
and to the abdominal organs diminishes while the amount of blood flowing 
through the kidneys usually remains invariable. The renal vessels do not 
become constricted even when there is a reflex constriction of the vessels 
of all the other organs of the abdominal cavity in response to a rise in the 
blood pressure in the region of the receptors of the aorta and the division 
of the carotid arteries. A novocain block of the nerves running to the kid- 
neys and spinal anaesthesia hardly cause any dilatation of the renal ves- 
sels. This means that the tonic tension of the smooth musculature of the 
renal vessels is usually low. Constriction of the renal vessels due to con- 
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tractions of their smooth muscles apparently takes place only under special 
circumstances (for example, muscular work) and is not constant. 

Renal nerves. The kidneys are supplicd by nerve fibres travelling with 
the large and small splanchnic nerves and, possibly, with the vagus. The 
nerve fibres enter the kidneys together with the blood vessels mainly 
through the hili. These nerve fibres include many afferent fibres which run 
from receptors located in the kidneys. The efferent fibres running to the 
kidneys end in the smooth muscles of the renal vessels (both the vas affer- 
ens and vas efferens). Smirnov found (1901) that there were nerves which 
directly innervated the cells of the tubular epithelium; these are very fine 
nerve fibres that entwine the epithelial cells and form endings on them 
resembling the nerve endings in the epithelial cells of certain digestive 
glands. 

Among the afferent fibres running from the kidneys there are some that 
carry impulses from the receptors to the centre; stimulation of these recep- 
tors produces a sensation of pain. These receptors are located mainly in 
the renal capsule in the beginning of the ureter owing to which the dis- 
tention of the capsule, for example, when the ureter is blocked by a cal- 
culus, causes severe pain. 


Differences Between Composition of Urine and that of Blood Plasma 


Urine is formed from the blood plasma. The kidney does not produce the 
constituents of the urine (except ammonia and hippuric acid) and the latter 
contains only the compounds transported to the kidneys by the blood. 
Nevertheless, the composition of the urine differs essentially from that of 
the blood plasma. 

The plasma contains about 7 to 8 per cent proteins, while the urine in 
a normal state is practically free of protein. 

The plasma always contains about 0.1 per cent sugar (glucose); in the 
urine there is no sugar if the concentration of it in the blood does not ex- 
ceed about 0.17 to 0.20 per cent. 

The content of urca in the plasma does not exceed 0.05 per cent; in the 
urine it may reach 4 per cent. 

The osmotic pressure of all compounds dissolved in the plasma corre- 
sponds to approximatcly 7.5 atmospheres; that of the human urine may 
reach 22 atmospheres. At the same time, if very large amounts of urine are 
formed, its osmotic pressure may drop below that in the blood plasma. 

The pH of the plasma is normally 7.4, while the concentration of the hydro- 
gen ions in the urine varies very greatly, frequently dropping to 5 and even 
to 4.7, and sometimes rising to 8. 

The composition of the blood plasma is constant, while that of the urine 
widely varies with the nature of the metabolism and of the food and the 
amount of water consumed. 

The following shows the percentages of various substances in the urine 
and in the blood plasma: 


In the plasma Tn the urine 
Wath caster tak sa teehee. wenn eens 90 at. least. 98 
Prete nas sarrasino a Gaston See aca NA eaa 7-9 nono 
KURAL saci ccd eee ae ends aie ee 0.1 none 
TOA esate chars ere a tae se Peak Bates ed eae 0.03 0.8-3.5 
Sulti ute e Sista rea cpa a a Tas 0.9 0.8-1.8 


Consequently. the kidneys produce urine by subjecting the blood 
plasma, which circulates through them, to a number of changes. Having 
to explain the processes as a result of which the plasma of the blood was 
changed into urine by the kidneys, physiologists offered various theories of 
urine production; they were all based on the characteristic features in the 
structure of the kidneys and ascribed different functions to the initial part 
of the nephrons, i.e., Shumlyansky's corpuscles, on the one hand, and to the 
renal tubules, on the other. 

Some aspects of urine production have now been definitely established 
owing to the development of the methods of microphysiological research. 
The micromanipulator enabled Richards and other investigators to colleci 
the minutest amounts (about 0.001 m1.) of fluid from different portions of an 
individual nephron, while the achievements in microchemistry have made 
it possible to subject these minute amounts of fluid to a precise quantitative 
analysis. This helped to determine the composition of the so-called primary 
urine, i.e., the fluid found in the initial part of the nephron, in the cavity of 
Shumlyansky’s corpuscle, and the changes in this fluid as it passes through 
the tubules and is transformed into the “final” urine which runs from the 
collecting tubules through the ureters into the urinary bladder. 


Glomerular Filtration 


One of the characteristic features of the initial part of the nephrons, i.c.. 
Shumlyansky’s corpuscles, is that the cavity of each of them contains up 
to 50 loops of capillaries in which the blood flaws under a much higher 
pressure than in all the other capillaries of the body. In the middle of last 
century this led Bowman and later Ludwig to the assumption that there 
was a filtration of the blood plasma from the capillaries into the micro- 
scopic cavity of Shumlyansky’s corpuscle. The endothelium of the capillaries 
and the very fine membrane of Bowman’s capsule that invests them act as 
a fillər that does not let the blood corpuscles or large protein particles 
thre ugh. Filtering through the endothelium of the capillarics and Bowman's 
membrane by force of the blood pressure the plasma [rces itself of the blood 
corpuscles and the proteins dissolved in the plasma. 

The correctness of this hypothesis was proved when scientists succeeded 
in penctrating into the cavity of Shumlyansky’s corpuscle with a micro- 
scopic needle and by compressing the proximal tubule (to avoid drawing in 
any of its fluid) were able to collect for the subsequent microchemical anal- 
ysis some primary urine which fills the microscopic cavity of the initial 
division of the nephron. It has thus been established that in Amphibia and 
mammals alike the fluid in the cavity of Shumlyansky’s corpuscle contains 
all the substances found in the plasma with the exception of colloids and 
that the concentration of all compounds found in the fluid of the initial 
division of the nephrons corresponds to their concentration in the plasma 
of the blood. Sugar, salts, urea, amino acids, in general, all the compounds 
of a relatively light weight usually contained in the plasma (or artificially 
introduced into the blood) are found in the primary urine in the same con- 
centration. 

The similar composition of the blood plasma and the primary urine 
found in the cavity of Shumlyansky’s corpuscle is explained by the fact 
that the primary urine is a filtrate of the blood plasma. Since the blood in 
this case frees itself not only of the blood corpuscles suspended in it, but 
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also of the colloid substances found in it, this filtration is frequently 
designated as ultrafiltration (the blood plasma freed of proteins is, cor- 
respondingly, referred to as an ultrafiltrate). 

Thus, the first stage in the production of urine is the filtration of the 
protein-free ultrafiltrate of the blood plasma from the glomerular capil- 
laries into the cavity of Shumlyansky’s corpuscle. This ultrafiltrate may 
be called the primary urine or the glomerular filtrate or the protein-free 
filtrate of the blood plasma. 


Gelatin introduced into the blood (molecular weight about 35,000) and hacmoglobin 
(molecular weight about 68.000) may pass [rom the blood plasma into the glomerular 
Altrate. The wall of the epithelium is normally impermeable to proteins with a molec- 
ular weight excecding 70,000 (incidentally, the molecular weight is hardly the only 
determining factor in this case). In discased capillarics (for cxample, in nephritis) the 
walls of the capillaries become permeable to protcins with a greater molecular weight. 
Under these circumstances the proteins of the plasma, especially albumins with a 
molecular weight lower than that of globulins, pass into the cavities of the nephrons. 
Protein is found in the urine as a result. Negligible amounts of proteins are also found 
in the urine excreted in normal renal function. 


Role of blood pressure and of oncotic pressure of colloids in glomerular 
filtration. Whether filtration takes place in a chemical laboratory or in the 
body it requires a force to press the liquid through the filter. In the 
glomerular capillaries this force is the pressure of the blood upon the walls 
of the capillaries. This pressure of the blood on the walls of the vessels 
is often designated as hydrostatic pressure. In the glomerular capillaries 
the blood pressure is 70 to 90 mm. Hg, and varies with the arterial blood 
pressure. 

The pressure of the blood on the walls of the glomerular capillaries is 
the force that squeezes the ultrafiltrate of the plasma into the cavity of 
Shumlyansky’s corpuscle. This force is opposed by the force of the onco- 
tic pressure of the colloids of the plasma which draws the water from the 
cavity of Shumlyansky’s corpuscle back into the blood. It was pointed out 
earlier that if two solutions are scparated by a semipermeable membrane 
the water from the solution with the lower osmotic pressure passes into 
the solution with the higher osmotic pressure. All the substances which 
permeate from the plasma of the blood through the glomerular capillaries 
into the cavity of the initial division of the nephron (salts, sugar, urea, etc.) 
have the same concentration in the primary urine and in the blood plasma 
and, therefore, an equal osmotic pressure. But the colloids (almost exclu- 
sively proteins) do not pass into the primary urine. This is why the osmotic 
pressure of the plasma exceeds that of the primary urine by the value of 
the osmotic pressure of the colloids of the plasma, i.e., by the value of the 
oncotic pressure (oncotic pressure is the osmotic pressure of the non- 
diffusible colloids). Compared with the total osmotic pressure of the plasma 
this oncolic pressure is low, constituting about 30 mm. Hg out of the 
5,000 to 6,000 mm. of the total osmotic pressure of the plasma. Nevertheless, 
the oncotic pressure of the proteins is a surplus osmotic pressure acting 
only from the blood stream. In relation to the primary urine the blood 
plasma is, therefore, a hypertonic solution with the proteins of the plasma 
drawing the water from the cavity of Shumlyansky’s corpuscle back into 
the blood with a force equal to the osmotic (oncotic) pressure they pro- 
duce. It follows that the pressure under which filtration is effected, the 
so-called filtration pressure (FP) corresponds to the difference between 
the lateral pressure of the blood on the walls of the capillaries (CP) and 
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the oncotic pressure of the proteins of the plasma (OP). We must add 
to the latter the so-called intrarenal pressure (sce below). By designating 
the latter RP we have: FP = CP—(OP-+ RP). The higher the filtration 
pressure, everything else being equal, the more vigorous the filtration; the 
lower the filtration pressure the weaker the filtration. 

Factors affecting value of filtration. Numerous experiments (A. Usti- 
movich et al.) have shown that production of urine ceases if the arterial 
blood pressure drops to 40 or 50mm.Hg. The blood pressure in the 
glomerular capillaries is always lower than in the arteries; when the latter 
drops to 40 or 50 mm. Hg the pressure in the glomerular capillaries lowers 
to the level of the oncotic pressure of the proteins in the plasma; under 
these circumstances the filtration pressure goes down to zero and the 
production of primary urine becomes impossible. If we introduce a large 
amount of Ringer's solution into the blood when urine production ceases 
or sharply diminishes, i.c., if we reduce the concentration (and, conse- 
quently, the oncotic pressure) of the proteins in the plasma. the produc- 
tion of urine increases. This is due to the fact that a drop in the oncotic 
pressure leads to a rise in filtration pressure. 


Glomerular filtration is also influenced by the diameter of the lumens of the efer- 
ent and afferent vessels since this affeets the blood pressure in the glomerular capilla- 
ries. Glomerular filtration increases with the constriction of the cffcrent vessels (vas 
efferens) of the kidneys, because in this case the flow of blood in the glomerular capil- 
laries and in the afferent vessel slows down and the blood pressure in the glomerular 
capillaries increases approaching that in the artcries (this is duc to the fact that the 
slower the blood flows through the vessels the less energy it spends on overenming 
friction), Contrariwise, constriction of the afferent vessels (vas afferens) results in low- 
ered pressure in the glomerular capillaries because the blood spends more energy on 
overcoming friction before it reaches the capillaries. In the first case glomerular fl- 
tration increases, in the second case it diminishes. 


The lumens of the afferent and effcrent vessels vary with the impulses 
transmitted to the smooth muscles of the vessels along the sympathetic 
nerve fibres. The vasomotor nervous influences, thus, affect glomerular 
filtration. It is clear that the latter is also affected by changes in blood 
pressure. For example, a rise in gencral arterial blood pressure leads to 
greater glomerular filtration if only there is no increase in the concentra- 
tion of proteins in the plasma and no constriction of the afferent vessels 
of the kidney. 


Significance of intrarenal pressure. In addition to the oncotic pressure of the plasma 
the blood pressure on the walls of the glomcrular capillaries is also counteracted by 
a pressure existing within the kidneys. This intrarenal pressure is due to the turgor 
of the renal cells which is responsible for the resistance to the flow of urine along the 
convoluted and collecting tubules. This factor leads to a rise in the intrarenal pressure 
because the kidneys are invested in an inclastic renal capsule. Due to the inflexibility 
of this capsule no obstacle io the flow of urine essentially increases the volume of the 
kidney, but mainly raises intrarenal pressure, Intrarenal pressure, however, is not 
high—about 3 to 7mm. Hg. It increases considerably with resistance to the flow of 
urine, for example, with calculi passing through the urcters. Under these circum- 
Stances urine production is likely to cease duc to the drop in filtration pressure caused 
by the increase in intrarenal pressure, i.e., owing to the increase in the RP factor in 
the expression FP == CP — (OP + RP). In these cases an incision of the renal capsule 
may restore the production of urinc. 

By pumping liquid into the ureter against the flow of urine A. Ustimovich measured 
the value of intrarenal pressure at which the production of urine ceases. It appears 
that this occurs when the pressure in the ureters rises to 30 or 40 mm. Hg, i.e., the 
valuc which, added to the oncotic pressure, corresponds to the blood pressure in the 
glomerular capillaries. This reaffirms the significance of filtration pressure as a factor 
determining the production of primary urine. 
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Glomerular filtration does not have to liberate any energy in the renal 
tissue because the work required for filtration is done by the energy 
imparted to the blood by the heart and expressed in the valuc of the blood 
pressure. This is why a cessation or diminution of the oxidative exchange 
in the kidney caused by cyanide poisoning or cooling does not decrease 
filtration of the plasma from the capillaries into the cavity of Shumlyan- 
sky’s corpuscle. 


Inadequacy of concept of glomerular filtration. The facts known to us today war- 
rant the characterization of the first phase of urine production, i.e., the processes in 
Shumlyansky’s corpuscle, as an ultraflltration of the plasma from the glomerular 
capillaries into the cavity of the initial division of the nephron. It seems quite likely, 
however, that this concept somewhat simplifies the real state of affairs. To compare 
the wall of the endothelium of the glomerular capillaries and Bowman’s capsule with 
a filter whose properties are determined only by the value of invisible “pores” which 
do not lct through any blood corpuscles or large colloid particles is quite primitive. 
Though the plasma passes from the capillarics into the cavity of Shumlyansky’s cor- 
puscle under the action of filtration pressure, it does not mean that the properties of 
the given “filter’—the endothelium of the capillaries with an extremely thin capsule 
in which they are invested—are constant. It is possible that filtration takes place not 
only through the “pores” between the cells, but also through the very cells of the 
endothelium, It must, therefore, be assumed that the vital activity of the tissues of 
Shumlyansky’s corpuscle affect their permeability and, consequently, the rate of fll- 
tration. Appreciable changes in the properties of these tissues also affect the composi- 
tion of the glomerular filtrate. 


Modern concepts of glomerular filtration as a simple physicochemical 
process must be considered only relatively valid. In the future, when 
physiology learns to investigate microprocesses in the tissues under con- 
ditions close to normal (which can in no way be said of the conditions of 
Richards’ experiments) we shall probably find mechanisms of fine physio- 
logical regulation of glomerular filtration. 


Tubular Reabsorption 


The composition of the urine excreted from the kidneys differs cssen- 
tially from that of primary urine (the glomerular filtrate) which is of a 
nature of a protein-free ultrafiltrate of the blood plasma. 

Table 23 shows the average composition of the blood plasma, its 
glomerular ultrafiltrate (primary urine) and urine (the composition of the 
latter may greatly vary with the state of the water and salt metabolism 
and the activity of the entire organism, though the figures in Table 23 may 
be taken as average and characterizing the urine when relatively small 
amounts of it are excreted). 

What are the physiological mechanisms by which the ultrafiltrate of the 
plasma (primary urine) acquires in passing through the tubules the com- 
position of the “final” urine excreted from the body? According to the 
theory, advanced long ago by Ludwig and later developed by Cushny, 
water, part of the salts, urea and sugar, which enter the initial division 
of the nephron with the ultrafiltrate of the plasma, are reabsorbed into the 
blood in the renal tubules. When the study of the primary urine, taken 
directly from the microscopical cavity of Shumlyansky’s corpuscle, showed 
that the composition of the primary urine and that of the protein-free 
ultrafiltrate of the blood plasma were identical, physiology was given 
incontestable proof of the existence of reabsorption, at least in relation to 
sugar, because sugar (glucose) is always found in primary urine and is 
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Table 23 


Average Composition of Blood Plasma, Primary Urine and Final Urine in %o 
(After Cushny) 





i Blood pleama ; Primary urine | Final urine 
i i 





WME. oh avenged ves 90-92 Í About 99 i 98-99 


Proteins, fats, glycogen ......... ; 70 : Absent : Absent 
Glucose 6. ee eee ee UF | ' al i Absent 
Sodium (in the form of ions) ..... 1 03 ' a3 ' 04 
Chlorine (in the form of ions) 2... : 0.37 : 0.37 ; 0.7 
Potassium (in the form of ions)... : 0.02 ; 0.02 i 0.15 
Sulpbate (in the form of ions) .... | 0.002 0.002 : OJIB 
Magnesium (in the form of ions) .. 0.0025 ; 0.0025 | 0.006 
Urei oa a nance dee ae aes 0.03 0.08 ‘2.0 
Uric acid occ cece eee ; 0.004 0.004 0.05 


Creatinine aeeoea cece eee ee > ool — 00o 0.075 


usually absent in the final urine excreted from the kidneys. It follows that 
sugar is undoubtedly reabsorbed into the blood from the tubular urine 
(we shall thus call the urine flowing along the tubules and changing its 
composition as a result of the processes occurring in the tubules). 

Microphysiological methods have made it possible to collect Muid not 
only from the cavity of Shumlyansky’s corpuscle, but also from different 
portions of the renal tubules, and to determine ils composition and quan- 
tity. It has been shown that: 

a) all of the sugar disappears from the tubular urine in passing through 
the proximal tubule so that the urine reaching Henlc’s loop no longer con- 
tains any glucose (if its content in the plasma and, consequently, in the 
primary urine does not exceed 170 to 200 mg. per cent); 

b) less fluid reaches Henle’s loop along the proximal tubule than the 
amount of glomerular filtrate entering the proximal tubule from the 
cavity of Shumlyansky’s corpuscle. The amount of fluid further diminishes 
in Henle’s loop. It follows that water is reabsorbed into the blood in the 
proximal tubule and in Henle’s loop (mainly in its thin segment). It has 
also been demonstrated that chlorides and urea pass into the blood from 
the tubular urine. 

The proof that processes of reabsorption of sugar, water and urea occur 
in the tubules does not as yet solve the problem of the mechanism of urine 
production. If, for example, there is 120 times as much creatinine in the 
urine, which runs from the kidney into the urinary bladder,* as there is 
in the plasma it may be due to the fact that of the 120 ml. of the glomerular 


filtrate 119 ml. are reabsorbed into the blood, or that 80, 60 or 40 ml. of 
water has been reabsorbed into the blood and on 5 or 5 of the excreted 


creatinine has been added to the tubular urine by secretion also of this 
substance from the blood into the urine by the cells of the tubular epi- 


* The urine undergoes practically no change in the ureters and in the urinary blad- 
der, so that the composition of the urine voided from the body may be considcred the 
same as that which leaves the nephrons. In other words, the entire process of urine 
production in mammals begins and ends in the nephrons (the mammals of lowest 
organization are an exception; like all birds and reptiles they have a cloaca from 
which water is absorbed into the blood). 
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thelium. This old hypothesis of Heidenhain and Gurvich of the secretion 
of various substances from the blood into ihe urine was always advanced 
when the mechanism of urine production was dealt with. 


The production of “finished” urine from the protein-free glomerular filtrate may, 
consequently, be explained in two ways: firstly, various amounts of different sub- 
stances are added from the blood to the urine in the tubules and, secondly, during the 
passage of the urine along the tubules the water and various substances (necessarily 
in different proportions again) are reabsorbed from the urine into the blood. As re- 
gards sugar, reabsorption is an incontestable fact. At the same time in certain osseous 
fishes the constituents of the urine are, beyond all doubt, secreted from the blood 
into the tubular cavities. The kidneys of these fishes (angler) have no Shumlyansky’s 
corpuscle with its glomerulus of capillaries and arc, therefore, called aglomerular. The 
urine of fishes with aglomerular kidneys does not under any conditions contain any 
proteins or sugar (even if the content of the latter is raised to 400 or 500 mg. per cent) 
und the concentration of the compounds excreted from the body (for example, urea) is 
not proportional in the urine of these flshes to that in the blond plasma. Though aglo- 
merular kidneys differ considerably from the kidneys of mammals it is, nevertheless, 
hard to suppose that the latter are entirely devoid of a mechanism which secretes 
substances from the blood into the urine. On the strength of this and on the basis of 
the possibility of dyes being excreted with the urine in a concentration 500 to 700 
times as high as that in the blood the idea that there may be a mechanism of secre- 
tion in the kidneys of mammals has been repeatedly advanced. 


To solve the problem of the existence and extent of secretion of certain 
substances from the blood into the urine of the highcr animals and to 
form an idea of the rate of reabsorption it was necessary to develop a 
method of quantitative measurement of the rate of glomerular filtration. 


Measuring Glomerular Filtration 


If we designate the amount of blood plasma (in millilitres) filtered from 
the glomerular capillaries into the initial division of the nephron per 
minute as x ml. and the content of some compound y in milligrams per 
ml. of plasma as Cy. the value Cy.» X r will correspond to the number 
of milligrams of the given compound excreted from the plasma into the 
glomerular filtrate (primary urinc) per minute. 

Neither in man nor in animals can we collect all of the glomerular 
filtrate from Shumlyansky’s corpuscles of all nephrons at the same time, 
i.e., we cannot directly measure the total amount of glomerular filtrate 
leaving the blood plasma per minute.* However, we can very easily deter- 
mine the amount and composition of the “final” urine excreted from the 
kidneys either by collecting it during voluntary urination at equal inter- 
vals (15 to 30 minutes) or through a catheter inserted into the bladder.** 
It is clear that if we know the rate of urine excretion per minute and the 
concentration of some particular substance y in milligrams per ml. of 
urine we can easily determine the amount of this substance excreted by the 


* The aforesaid microphysiological experiments may ensure the collection of the 
ultrafiltrate of the plasma from the cavity of one Shumlyansky's corpuscle, but there 
is nearly a million of these corpuscles in each kidney. It is clearly impossible directly 
to collect all of the primary urine simultaneously from all Shumlyansky'’s corpuscles. 

** Urine can be continuously collected from animals if the urethral openings are 
sewn into the skin, according to the method proposed by I. Pavlov. In man fine cathe- 
ters can be separately placed into cach ureter with the aid of a cystoscope and the 
urine can, thus, be collected from each kidney separately. This is necessary in cases 
when onc of the kidneys must be removed which should, of course, be done only after 
the normal functioning of the other kidney has been reliably ascertained. 


kidneys with the urine per minute. It corresponds to V X Cu. y, where 
C,.y is the concentration of the substance y in the urine (in milligrams 
per ml.) and V is the number of millilitres of urine excreted per minute. 
On the other hand, we know the concentration of substance y in the 
glomerular filtrate because it corresponds to Cpm. y, i.c., its concentration 
in the blood plasma. 

We have already made mention of the fact that various substances may 
be reabsorbed into the blood from the tubules. In this case part of the 
substance y, which has passed into the initial division of the nephron with 
the glomerular filtrate, is reabsorbed from the tubules into the blood and, 
consequently, does not reach the terminal! division of the nephron; it does 
not, therefore, get into the urine excreted from the body. In this case 
Cp. y X x will be greater than Cu.y X V (x is the amount of glomerular 
filtrate produced per minute). The reverse is also possible, i.e., secretion 
of y from the blood into the urine. In that case, in addition to the quantity 
of the given compound, which passed from the plasma into the cavity of 
Shumlyansky's corpuscle, a certain amount of the same compound will 
be added to the tubular urine, secreted into it from the blood. Then, of 
course, Cp. y X x will be less than Ca. y X V. 

But if we find a substance whith after passing into the initial division 
of the nephron as a result of ultrafiltration into primary urine from the 
blood plasma is neither reabsorbed into the blood in the renal tubules nor 
secreted from the blood into the urine, for this substance (we shall 
designate it as a) Cpa X x will exactly correspond to Cy.a X V. In this 
case it is casy to find the value of 2: 


It follows that if some particular substance after passing with the 
glomerular ultrafiltrate of the plasma into the initial division of the 
nephrons does not re-enter the blood from the tubular urine and is not 
secreted into the tubular urine from the blood throughout the remaining 
extent of the nephrons the concentration of this substance in the urine 
divided by its concentration in the plasma and multiplied by the amount 
of urine secreted per minute indicates the number of millilitres of glo- 
merular filtrate produced per minute. According to many available facts 
(Smith et al.) some (not numerous) substances—inulin and mannitol (in 
dogs also creatinine)—mcet this requirement. They are not reabsorbed 
from the renal tubules into the blood nor secreted by the tubules from the 
blood into the urine. We shall call these substances filtrometric compounds 
for short, since the determination of their concentration in the urine and 
in the blood plasma makes it possible to measure the rate of glomerular 
filtration (if the amount of urine excreted by the kidneys per minute is 
known). 


The coefficient of clearance of the blood plasma from any particular compound y 


“u. y 


is the valuc Cau XxX V we have just considered. In various concrete cases the first 


letters of the respective substance are used instead of the letter y in designating the 
concentration of substances in the urine (Cs) and in the plasma (Cpi); inulin is, thus, des- 
ignated as in, glucose as gl, etc. (The designations of Cv. in. and Cpl. in. mean “con- 
centration of inulin in the urine” and “concentration of inulin in the plasma”). In 


C 
general, the coefficient of clearance (=X V) corresponds to the amount of blood 
Cpi. 
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plasma in millilitres which contains the amount of the given substance excreted by the 
kidneys in one minute of flow. If, for example, Cu. uw. for urea equals 20 mg. (1 ml. of 
urine contains 20 mg. of urea) during the secretion of 1.2 ml. of urine per minute the 
amount of urea excreted with the urine from the organism in one minute corresponds 
to Cu. ur. X V = 20 X 1.2 =24 mg. If one mi. of plasma contains 0.3 mg, of urea the 
amount of Plasma which contains the 24 mg. of urea excreted with the urine in one 


20 
minute of flow is 07x X 1.2 = 80 ml. For filtrometric substances the cocfficient of clear- 


ance corresponds to the rate of glomerular filtrate because in this case the amount of 
substance excreted from the blood plasma into the glomerular filtrate in one minute 
of flow corresponds to the amount of the given substance excreted in one minute by 
the kidneys. 


Inulin, a complex carbohydrate (molecular weight about 5,200) with a 
very low diffusion coefficient, is found only in plants; with sufficient 
purification it is not poisonous, can be injected intravenously and is easy 
to determine quantitatively in the urine and in the plasma. Mannitol 
(hexatomic alcohol) and titricine (polymer of fructose) are also filtrometric 
compounds; creatinine can serve the same purpose in dogs, but not in man. 


Several methods demonstrate independently of each other that filtrometric sub- 
stances are really not reabsorbed from the tubular urine into the blood and arc not 
secreted by the tubules into the urine. Glucose is undoubtedly reabsorbed, but the 
reabsorption is fully blocked if phloridzin, a certain poison, is injected into the animal. 
Vhloridzin docs not stop the production of urine, but in an animal poisoned with phlo- 
ridzin all of the glucose that passed into the cavity of the initial division of the nephron 
enters the urine. In this case the cocfficient of glucose clearance, which corre- 
sponds to zero in the absence of glucose from the urine, equals the coefficient of clear- 
ance for inulin, mannitol and titricine (creatinine in dogs). It can hardly be supposed 
that these substances should be filtered with the same coefficient of clearance if they 
were reabsorbed or secreted by the tubular cells (various substances arc usually sc- 
creied and absorbed at different rates). 

It has furthermore been established that the “clearance” valucs for inulin, manni- 
tol, and in dogs for creatinine (after phloridzin poisoning also for glucose, xylose and 
saccharose) do not alter even when very substantial changes in the concentration of 
these substances in the plasma occur. This is due to the fact that a change in the 
concentration of these substances in the plasma docs not directly affect the rate of 
urine production. And as Jong as the amount of the excreted urine docs not change 
it follows that the quantities of reabsorbed water do not change either. We can then 
say that a twofold increase of the inulin concentration in the plasma (and conse- 
quently, in the glomerular ultrafiltrate) will cause its concentration to double in the 


Cu. i 

urine. It is clear that in this case the coefficient aie X V will not alter. On the other 
“pl. unt. 

hand, for substances known to be reabsorbed and for those secreted by the tubules 

from the blood into the urine (sce below) the value of “clearance” greatly varies with 

the changes in the concentration of these substances in the plasma. 


In practice inulin “clearance” (i.e., the rate of glomerular filtration) is 
usually determined after an intravenous injection of inulin. 


For this purpose a rather constant concentration of inulin of about 18 to 25 mg. per 
cent (mannito]—100 to 130 mg. per cent) must be produced in the plasma. Micturition 
over a period of 30 minutes is determined (it is best to collect the urine by a catheter), 
the amount of inulin (or mannitol) contained in one ml. of urine is calculated, this 
figure is multiplied by the amount of urine produced in one minute, and the product 
is divided by the mean figure showing the amount of inulin contained in the plasma 
in the beginning and at the end of the 30 minutes during which the urine was col- 
lected. Considering the differences in physique, which affect, in particular, the size of 
the kidneys, all figures of clearance ure usually related to 1.73 m.*, the mean figure 
characterizing the surface of the body. This is why after finding the “clearance” value 
for inulin (like all other indices which will be dealt with below) the resulting figure is 
divided by the value of the examined subject’s body surface (see nomogram, Fig. 147) 
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and the quotient is multiplied by 1.73 (calculation per square metre of body surface 
would prove more accurate). 


The “clearance” for inulin or mannitol, i.e., the rate of glomerular filtra- 
tion (for a body surface of 1.73 m.?) constituting 130 ml. per minute (1 21) 
for men and 120 ml. (i 16) for women is accepted as the standard. This 
rate changes but little with variations in the value of micturition, whence 
it follows that the rate of urine production hardly depends on the rate 
of glomerular filtration. Thus, in one experiment with a change in micturi- 
tion from 4.2 to 1.3 ml. per minute the rate of glomerular filtration dropped 
only from 122 to 120. The concentration of inulin was 96 mg. per cent 
per 100 ml. in both cases, but there was 2,762 mg. per cent inulin in the 
urine in the first case and 8.980 mg. per cent in the second case. 

Normally glomerular filtration always exceeds 100 ml. per minute (in 
terms of 1.73 m.? of body surface), whereas the rate of urine production is 
usually 0.8 to 2 ml. per minute (it may reach 10 ml. per minute only after 
an intake of a large amount of liquid). The amount of reabsorbed water 
corresponds to the clearance for inulin (or mannitol) minus the amount 
of urine produced in the meantime. Consequently, the determination of 
the rate of glomerular filtration warrants the important conclusion that 
more than 100 ml. of water per minute is usually absorbed in the tubules. 
More than 100 times as much primary urine is filtered from the plasma 
into the cavity of the initial division of the nephron as the amount of 
urine excreted by the kidneys during the same period of time. It is, 
therefore, clear why the rate of urine production normally depends but 
little on the rate of glomerular filtration. I£ reabsorption constitutes 99 per 
cent of the rate of glomerular filtration, a change from 100 to 200 ml. per 
minute in the latter will lead to an increase in urine production of 
only 1 to 2ml. per minule. On the other hand, a decrease in the 
amount of the reabsorbed liquid from 99 to 90 per cent will cause a ten- 
fold increase in urine production, from 1 to 10 ml. per minute, at a 
glomerular filtration of 100 ml. A slight change in the percentage of the 
liquid reabsorbed in the tubules (in relation to the total value of the 
glomerular filtrate) causes a very sharp change in diuresis. This is why the 
rate of urine production is determined mainly by the intensity of tubular 
reabsorption. 


Measuring Tubular Reabsorption 


Reabsorption of water corresponds to the glomerular filtration (measured 
as a coefficient of clearance for one of the fillrometric substances) minus 
the amount of urine excreted by the kidney in one minute of flow. As 
was said above, more than 100ml. of water per minute is usually reab- 
sorbed in the tubules with 80 to 90 per cent of this amount reabsorbed 
into the blood already in the proximal division of the convoluted tubules. 


The essential part in this is played by the oncotic pressure of the proteins in the 
blood plasma flowing through the capillaries which entwine the tubules. The blood 
pressure in them is very low because the blood flowing along the capillaries has 
already passed through the glomerular capillaries and the thin efferent vesscl (vas 
efferens). The concentration of proteins in the plusma of the capillaries, which entwine 
the tubules is higher than in the blood of all the other capillaries of the body because 
about 15 to 25 per cent of the blood plasma has passed into Shumlyansky’s corpuscle 
leaving its protein in the blood stream. Owing to this the oncotic pressure in the capil- 
laries which entwine the tubules is higher than that of the blood, and the water from 
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the tubular urine is drawn into the capillaries. Reabsorption of the water from the 
tubular urine into the blood is, thus, based partly on the physicochemical processes of 
water diffusion from the region of lower osmotic pressure to that of higher pressure 
through the epithelium of the tubules and their capillaries which act as a scmiper- 
meable membrane. If pure water without the substances dissolved in the tubular 
urine is absorbed from the urine into the blood the concentration of these substances 
will obviously immediately increase and the osmotic pressure of the tubular urine will 
exceed that of the blood in the tubular capillaries. Purely physicochemical absorption 
of water is, therefore, possible only if the substances dissolved in the urine are absorbed 
with the water in such quantities that the osmotic pressure of the absorbed fluid 
equals that of the blood plasma. 


It is believed that 80 to 90 per cent of the water is absorbed into the 
blood in the proximal convoluted tubules in the form of an iso-osmotic 
solution. At the same time part of the sugar and of the ions of sodium and 
chlorine is absorbed into the blood be- 
cause of the vigorous activity of the cpi- 
thelium of the proximal division of the 7 
tubules. while urea passes from the tu- 
bules into the blood by diffusion. 

Part (about 15 to 20 per cent) of the water s 
is reabsorbed from the tubules into the 
blood by some active process the mech- N40 





anism of which is not yct clear; this proc- R 
ess ceases if the metabolism of the tubular §J0 
epithelium is disturbed by cooling or by $ 
action of cyanides. This active absorption § 27 
of water from the urine into the blood Sig 


lakes place in the thin segment of Henle’s 
loop; in animals lacking this segment of the 0 
nephron the osmotic pressure of the urine 4 2. 3 4 5 8 


never exceeds that of the blood plasma. 
The general rate of urine production 
(from one year of age) depends mostly on 
the rate of active reabsorption of water in 
the thin segment of Henle’s loop. The anti- 
diuretic hormone, produced by the poste- 
rior lobe of the hypophysis (p. 430), sharp- 


Urinary excretion in ml per tm*per min 


Fig. 161. Interdependence between 
concentration index (ratio of con- 
centration of urea in urine to con- 
centration of urea in blood) and 
rate of urinary exeretion in adults 
(curve J) and in children up to 3 
months of age (curve 77) (after 


ly increases this active reabsorption of ICTS) 


water which leads to a decrease in diuresis. 

The more active the absorption of water in the tubules the higher the 
so-called concentration index (relation of the concentration of urea in the 
urine to that in the blood). A decrease in urine production due to increased 
reabsorption of water leads to a rise in this index (Fig. 161). The active 
absorption of water in children under one year of age does not reach the 
rate observed in later years. 

Substances with high and low thresholds of elimination. Some sub- 
stances—urea, sulphatcs and all foreign substances—continuously pass 
from the blood into the urine, however small the amounts the blood con- 
tains. These are substances with a low threshold of elimination. They are 
reabsorbed in relatively small quantities and the urine, therefore, con- 
tains them in greater concentration than does the blood plasma. If the 
diffusion coefficient of such substances as, for example, SO,” ions is very 
low they are hardly reabsorbed, whereas the anions, which do not pass 
from the tubular urine into the blood, infallibly retain an equivalent 
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number of caiions in the urine. The sum total of the cation charges in the 
urine is thus equal to that of the anion charges. 

For all substances passing from the plasma into the cavity of Shumlyan- 
sky's corpuscle the Cp, p X x corresponds to the amount of the given sub- 
stance passing into the glomerular filtrate in one minute of flow, if x 
designates the coefficient of inulin clearance cqual to the rate of glo- 
merular filtration. It is clear that the amount of substance reabsorbed per 
minute corresponds to Cp. y X r— Cuy X V. 

Reabsorption and elimination of glucose. The urine of people with a 
normal carbohydrate metabolism contains no glucose (nor fructose or any 
other carbohydrates) if the 
content of sugar in the blood 
does not exceed 170 to 200 mg. 
per ceni. At the same time 
there is always as much glucose 
in the glomerular filtrate as in 
the plasma. 
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Reabsorption of glucose is con- 
nected with the production of hexo- 
sephosphoric acid (as an intermediate 
product) in the cells of the tubu- 
lar epithelium, Nonphosphorylhiling 
monosaccharides, for example xylose, 
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Fig. 162. Urinary exeretion of Blucose, glucose 


reabsorption anddils filtration in the glomeruli Glucose appears in the urine 
depending on ghicoxe content. in blood (afier flowing into the bladder only 
Fulton). when its concentration in the 


blood exceeds the threshold of 
170 to 200 mg. per cent. Beginning with the threshold of climination, i.e., 
a definite concentration of glucose in the blood plasma, elimination of 
glucose with the urine rapidly increases. 


The amount of reabsorbed glucose corresponds to the difference between the amount 
of glucose filtered [rom the plasma into the initial division of the nephron in one 
minute of flow and the amount of glucose excreted with the urine per minute. Hence 
Met, = Cg p> > Cet. V, where R is the amount of glucose in milligrams reab- 
sorbed per minute and x is the rate of clearance for inulin. By determining the rate 
of Rg. (reabsorption of glucose in the tubules per minute) it has been possible to 
show that after the glucose begins to be eliminated from the body a direct proportion 
between the excretion of glucose by the kidneys and its content in the blood is rapidly 
established (Fig. 162). The rate of reabsorption then becomes constant (else the excre- 
tion of glucose would not be directly proportional to its concentration in the blood). 
The maximal rate of glucose reabsorption constitutes about 300 to 350 mg. per minute 
(Fig. 162), Determination of this rate (after injecting large amounts of glucose into the 
blood) offers a certain characteristic of the condition of the renal tubules. 


Tubular Secretion 


Estimation of the rate of glomerular filtration by the coefficient of 
inulin clearance made it possible to solve the problem of whether the 
cells of the tubules secreted any substances from the blood into the 
urine. It will be remembered that the coefficient of clearance for inulin 
shows the amount of ultrafiltrate filtered through the wall of the glo- 
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merular capillaries into Shumlyansky’s cavity in onc minute of flow. If 
the coefficient of clearance for any substance turns out to be higher than 
the rate of glomerular filtration, i.e., greater than the inulin clearance 
(x), it means that this substance is added from the blood to the urine while 
the latter flows along the tubules. It appears that sevcral compounds have 
a much higher coefficient of clearance than that for inulin or mannitol. 
They include certain dyes (for example, phenol red), penicillin, para- 
aminobenzoic acid and divdrast, an iodine compound used in X-raying the 
kidneys. The coefficient of clearance for these substances may reach 
400 to 800, i.e., exceed the cocfficient of inulin clearance (glomerular 
filtration) from three- to sevenfold. 


Determination of the coefficient of clearance for substances secreted by the epithe- 
lium of the tubules from the blood into the tubular urine shows (that with an increase 
in the concentration of these substances in the blood plasma the coefficient of their 
clearance from the plasma, which is always higher than the coefficient of inulin 
clearance, begins to drop approaching the inulin clearance as a limit. This is due 
to the fact that there is a certain limited amount of substante more than which the 
cells of the tubular epithelium cannot secrete per unit of time. At the same time the 
amount of excreted urine does not essentially change with an increased concentration 
in the blood of the substances eliminated from the latter not. only by filtration. but also 
by secretion. 


The cells of the tubular epithelium secrete certain substances from the 
blood into the urine, for cxample, para-aminohippurates and diodrast, 
extremely intensively. Experiments, in which the content of these sub- 
stances in the plasma of the arterial blood and in the renal vein was 
being chemically determined, have shown that the blood running along 
the tubular capillaries liberates all of the para-aminohippurates and the 
diodrast, whereas the blood which flows to the kidneys along the renal 
artery liberates approximately 90 per cent of these compounds (about 
10 per cent of the blood flowing through the kidneys apparently does not 
run through the nephrons and does not, therefore, give off the substances 
it contains into the urine). 

If, owing to the processes of tubular secretion, the blood plasma, running 
through the kidneys, liberates approximately 90 per cent of certain sub- 
stances (diodrast and para-aminohippurates), secreted into the urine by the 
cells of the tubular epithelium, it enables us to estimate the amount of 
plasma and, consequently, of the blood flowing through the kidneys per 
minute. This is possible because in this case the concentration of such a 
substance in the plasma of the arterial blood corresponds to the amount 
of this substance liberated by cach 100 ml. of plasma which flows through 
the kidneys. If, say, the arterial plasma, which can be taken for analysis 
by puncturing any artery, has 10 mg. per cent diodrast, and the plasma 
of the blood, which has flown through the kidneys, i.e., the blood from 
the renal vein, shows no diodrast at all, it follows that each 100 ml. of 
plasma gives off 10mg. of diodrast while flowing through the kidneys. 
If the total excretion of diodrast with the urine is, say, 60 mg. per minute 
it is clear that (60 :10) X 100, i.e., 600 ml. of plasma has flown through the 
functioning renal nephrons in one minute. It is easy to see that we have 
again the value of the coefficient of clearance, this time determined by 
the use of diodrast (para-aminohippurates can also be used). Thus, the 
clearance of diodrast or for para-aminohippurates gives us a sufficiently 
accurate measure of the amount of plasma flowing through the renal 
nephrons per minute (transition from this value to the amount of blood 
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is very easy if we estimate the relative volume of the plasma and the 
blood corpuscles with the aid of haematocrit). 

Estimation of the blood flow (the “plasma flow,” to be exact) through 
the kidneys by the rate of the clearance of para-aminobenzoic acid or 
diodrast has shown that 700 + 130 ml. of plasma normally flows through 
both kidneys in men and 600 + 100 ml. in women (all figures are given in 
terms of 1.73 m.? of body surface) per minute. The amount of blood flow- 
ing through the kidneys constitutes about 1,000 to 1,200 ml. per minute 
which at rest equals approximately 15 to 20 per cent of the total blood 
pumped by the heart into the aorta per minute. It is only because of this 
abundant blood supply that the process of urine production is possible, 
since it requires the filtration of 100 to 150 ml. of the ultrafiltrate from the 
blood plasma per minutc. 

It is clear that the entire plasma cannot filler into Shumlyansky’s cavity 
under any circumstances, else the capillaries would be blocked by a dense 
blood residue. The ratio of the rate of glomerular filtration to the rate 
of the “plasma flow” through the kidneys shows the part of the plasma 
that fillers from the glomerular blood stream into the cavity of the initial 
division of the nephron (and then largely reabsorbed). This valuc is usually 
15 to 25 per cent. 


CHAPTER 37 


RATE OF URINE PRODUCTION AND REGULATION 
OF RENAL ACTIVITY 


Rate of Urine Production 


The amount of urine normally produced by the kidneys per unit of time 
(diuresis) is determined mainly by the content of water in the body, the 
rate of metabolism and factors affecting the climination of water through 
extrarenal channels. Normally the content of water in the body is quite 
constant and any intake of superfluous quantities of liquid leads to an in- 
creased elimination of water. It has already been said that a relatively 
small amount of water is excreted through the skin (by perspiration and 
invisible evaporation) and through the lungs with the vapours which satu- 
rate the expired air. The main mass of the water drunk, contained in the 
foods consumed and produced in metabolism, is eliminated by the kidneys. 
The amount of urine eliminated in these cases quite closely corresponds to 
the quantity of water taken in by the body. But if a great deal of water is 
given off through the skin and the lungs, as is the case in considerable per- 
spiration caused by high temperature or hard muscular work, less urine is 
secreted and a considerable part of the water entering the body is elimi- 
nated cxtrarenally. 

The amount of urine normally produced by the kidneys per day at an 
environmental temperature of 20°C with the average diet and excluding 
hard work constitutes about 1.2 to 1.5 litres. 

Reaction of kidneys to water intake. Normally the kidneys react to 
changes in the water content in the body so keenly that after an intake of 
1 to 1.5 litres of water it takes the kidneys 3 to 6 hours to eliminate it with 
75 per cent of it eliminated during the first 2 hours, Figure 163 shows typi- 
cal urine production after an intake of water; the diagram shows that an 
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increase in the production of urine (diuresis) begins approximately 30 to 50 
minutes after drinking, while 1.5 to 2 hours after the intake of liquid the 
amount of urine produced begins to diminish approaching the values 
characteristic of urine production before the intake of liquid. 

Urine production when no liquid is taken in. If no liquid is taken in over 
a certain period of time the loss of water excreted through the kidneys 
becomes a factor which 
disturbs the constancy of 
the water content in the 
body. Since the products 
formed as a result of the 
never ceasing transfor- 
mations of proteins (urea, 
ete.) can be eliminated 
only dissolved in water 0 7 F) 
the kidneys never stop 
producing urine, but with 
no liquid ingested rela- Fig. 163. Changes in diuresis afier drinking water. 
tively little urine is pro- Along ordinate-—: rete of diuresis (in ml. in 15 minutes); 
duced (approximately 15 along abscissa time after liquid intake. 
to 30 ml. per hour), In 
scanty urine production the concentration of urea and salts in the urine 
is high and this leads to an increase in the specific gravity of the urine. 
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Regulation of Renal Function 


In normal work of the kidneys the amount and composition of the urine 
depend on the intensity of water, nitrogen and salt metabolism. The regu- 
lation of renal function finds its most. vivid expression in a sharp increase 
in diuresis after a liquid intake and in its limitation (with an excretion of 
concentrated urine) when no liquid is taken in. 

Regulation of renal function by the higher nervous system is character- 
ized by a number of interacting processes which can, in a certain measure, 
replace cach other. This regulation is effected by nerve impulses trans- 
mitied directly to the kidneys and through the hypophysis; one of the hor- 
mones of the latter influences the production of urine. 

Effect of hormone of posterior lobe of hypophysis on kidneys. It has 
been found that extracts from the posterior lobe of the hypophysis de- 
crease the production of urine in the body as a whole (after an injection of 
pituitrin, extract of the posterior lobe of the hypuphysis) and in the iso- 
lated kidney through the vessels of which blood with an addition of the 
extract of the hypophysis is perfused. The decrease in the production of 
urine is accompanied by an increase in the concentration of the substances 
contained in the urine. 

The decrease in the production of urine effected by the hormone of the 
posterior lobe of the hypophysis is due to the fact that this hormone 
sharply increases reabsorption of water in the thin segment of Henle’s loop. 
The hormone of the posterior lobe of the hypophysis does not decrease the 
production of urine in animals lacking this division of the nephron. 

By increasing the reabsorption of water in the convoluted tubules the 
hormone of the posterior lobe of the hypophysis simultaneously decreases 
the reabsorption of sodium and potassium ions from the tubular urine. As 
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a result the content of sodium and potassium in the urine increases which 
leads to a retention of an equivalent amount of anions, primarily of chlo- 
rine, in the urine. Some authors consider the hormone of the posterior lobe 
of the hypophysis which decreases the production of urine identical with 
vasopressin. 

Effect of hormones of adrenal and other endocrine glands. The hormone 
of the cortex of the adrenals increases the reabsorption of sodium ions in 
the tubules. The deficiency of this hormone, after removal of the adrenals, 
leads to a considerable loss of sodium by the organism, which is responsible 
for the decrease in the ratio of the concentration of sodium and potassium 
in the blood plasma. A plentiful supply of NaCl to animals with removed 
adrenals considerably prolongs their life. 

The parathyroid hormone increases the climination of phosphoric acid 
from the blood into the urine. 

There are indications that the functions of the kidneys are influenced by 
the thyroid and the anterior lobe of the hypophysis. 

The influence of the nerves on renal function could not be reliably 
ascertained for a long time since the mcthods used in studying the nervous 
influences on any particular organ failed to produce any dependable results 
in this case; clectric stimulation of the nerve fibres running to the kidneys 
usually Jed to a decrease in diuresis, but this could be explained by the 
constriction of the afferent vessels caused by stimulation of the vaso- 
constrictor nerve fibres. Severance of all the nerve fibres running to the 
kidneys does not lead to sharp diurctic disturbances. Even a kidney grafted 
on the neck (with the renal artery sewn to the carotid artery and the renal 
vein to the cervical vein) retains the ability to react to an excess of water 
by a considerable increase in diuresis. In this grafted kidney, which is, 
consequently, disconnected from the central nervous system, an increase 
in the content of urea and salts with a sharp limitation in the production 
of urine is also observed since no water enters the organism. An idea, that 
the nervous influences transmitted to the kidneys along the affcrent nerve 
fibres are of no essential importance to renal function, was even advanced 
on the strength of these experiments. But the use of Pavlov’s principles of 
investigating the whole organism in studying the functions of the kidneys 
enabled K. Bykov to ascertain that the production of urine is always con- 
trolled by the influences of the cerebral cortex. This finds proof in the fact 
that the work of the kidneys is regulated by conditioned reflexes 
casily developed to renal function if an agent formerly entirely in- 
different in its effect on the kidneys is combined with the action of a 
stimulus which directly affects renal function. Thus, for example, if the 
sound of a trumpet is accompanied several times by an infusion of water 
into the stomach, after this combination is repeated several times the sound 
of the trumpet alone, unaccompanied by an infusion of water, causes ap- 
proximately the same increase in the production of urine as the uncon- 
ditioned stimulus—the infusion of liquid into the stomach (Fig. 164). 

Mechanism of cortical influence on kidneys. The cortical stimuli result- 
ing from conditioned reflexes may be transmitted to the kidneys in two 
ways: 1) nerve impulses arising in the cortex are propagated along afferent 
nerve fibres to the renal tissue and directly stimulate the kidneys; 2) nerve 
impulses arising in the cortex are transmitted to the hypophysis along 
nerve fibres innervating its posterior lobe and alter the secretion of the 
antidiurctic hormone into the blood. This capacity of the cerebral cortex 
to influence renal function in two ways is demonstrated by the fact that 
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after denervation of one of the kidneys (when all of its afferent nerves are 
cut) the stimuli, which were combined with the infusion of water into the 
animal, are still able to stimulate production of urine because of the con- 
ditioned reflex acting on the kidney. But no conditioned-reflex increase in 
diuresis can be produced in the denervated kidney if we add an injury to 
the nervous connections of the hypophysis with the central nervous system 
to the denervation of the kidney, while in the kidney, which retains direct 
nervous connections with the central nervous system, the stimuli preceding 
the infusion of water into the organism cause a conditioned-reflex increase 
in diuresis even after the disconnection of the hypophysis. 

These experiments conducted in K. Bykov’s laboratory show the exist- 
ence of direct nervous influences on the kidneys (since conditioned-reflex 
regulation of renal function is also possible after disconnecting the hypo- 
physis) and reveal 
the possibility of 
complex conditioned- 
reflex regulation of 
renal function in 
which the condi- me pe 
ttoned-reflex connec- a LBs: —_ MON ee 
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Fig. 164, Changes in diuresis in the dog under conditions in 


tures) comes to the 
fore. In this case we 
have direct condition- 
ed-refiex influence on 
the hypophysis. Due 
to the development 
of a conditioned re- 


which water was repeatedly infused into the animats stom- 
ach (“active room) and under conditions in which water 
was never infused (“differentiating roont’). 


Bach column shows amount of urine exereted during two-hour experi- 

ment; figures ander columns show amount in millilitres. Tt can be ob- 

served) that under conditions which were a signal for water infusion 

exeretion of uring wax greater (due to development. of conditioned 

reflex, for the kidneys) than under conditions in which no water was 
infused (after K. Bykov). 


flex to the hypo- 

physis the stimulus, say, the sound of a trumpet reinforced by the infusion 
of water, causes the same decrease in the secretion of the hormone of the 
posterior lobe of the hypophysis into the blood as does the infusion of 
water into the organism. A decrease in the content of the pituitary hor- 
mone which increases reabsorption of water (i.c., decreases diuresis) causes 
an increase in the production of urine. In this case we thus have a neuro- 
humoral cortical mechanism regulating renal function. 


Severance of all efferent nerves of the kidneys causes certain changes in renal func- 
tion with a somewhat slower than normal increase in diuresis after an intake of ex- 
cess water and a somewhat greater production of urine with no liquid taken in. 

The neurohumoral mechanism of regulating pituitary activity cannot. consequently, 
fully replace the direct nervous influences transmitted 1o the kidneys along the effer- 
ent. fibres of the splanchnic nerve (and, probably, partly the vagi). 

It has been shown in the laboratory headed by A. Ginetsinsky that in animals dur- 
ing the first days of their life, when the humoral influences on the kidneys ure not so 
strongly pronounced, denervation of one kidney frequently leads tv degeneration of 
the rena] parenchyma which is replaced by connective tissue. 


Mechanism of changes in renal function with excess intake of water. The 
inborn (unconditioned) mechanism of increasing diuresis consists in the 
fact that in being absorbed into the blood water very slightly dilutes the 
latter. In this case the concentration of the salts in the blood plasma some- 
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what decreases. The interoceptors of the vascular system include osmo- 
receptors (Bykov, Verney) stimulated by changes in the osmotic pressure 
of the blood plasma. Such osmoreceptors have been discovered, in partic- 
ular, in the system of the interna] carotid artery (Richards). Suffice it to 
inject a small amount of a hypertonic sodium chloride solution into the 
internal carotid artery to cause reflexly an increased liberation of the anti- 
diuretic pituitary hormone into the blood and a decreased diuresis. 
Contrariwise, a slight drop in the osmotic pressure of the blood plasma 
which bathes the osmoreceptors of the cerebral vessels reflexly inhibits 
the secretion of the antidiuretic hormone thus leading to an increase 
in diuresis. But the delay in the secretion of the antidiuretic hormone 
does not at once lead to a rise in diuresis since the blood has “re- 
serves” of the formerly secreted antidiuretic hormone. This is why 

40 to 50 minutes usually pass 


a) between the ingestion of water 
24s into the organism (even if water is 
Ras ingested directly into the blood 
Sy stream) and the beginning of an 
5 Qi appreciable rise in diuresis; it is 
& the time required for the anti- 
oa diuretic hormone, which was in 
par the blood before the ingestion of 

0 2 + 6 8 i0 2 M * Ù 20 22 2% water, to be eliminated. 


Hours 


Fig. 165. Content’ of antidiuretic hormone in 
urine depending on the period during which 
no liquid was consumed, 


Along ordinate concentration of antidiuretic hor- 
mone in urine (in relation to tho unit), along ub- 
seisa --number of hours after last fluid intake, Rer- 
tangle shows zone of flucLuation in concentration 
of antidiuretic hormone in urine of nn adult: after 
6 hours during which no liquid was comtuned, Black 
squares in rectangle show corresponding rates for 


children up to 8 months of ape. 


The antidiuretic hormone secret- 
ed into the blood by the posterior 
lobe of the hypophysis is partly 
climinated from the body through 
the kidneys with the urine. Con- 
centration of this hormone in the 
urine is the higher the more of it 
is contained in the blood. The 
longer man has not taken in any 
liquid the more antidiuretic hor- 


mone is excreted (Fig. 165) with the 
urine (A. Ginetsinsky et al.). Consequently, after each intake of liquid less 
antidiuretic hormone of the hypophysis is secreted into the blood; limita- 
tions in liquid intake increase the secretion. This reflex regulation of the 
secretion of the antidiuretic hormone into the blood plays a most important 
part in the increase of diuresis after a liquid intake and in its sharp de- 
crease during a water deficiency in the organism. 


It is possible that the origin of nerve impulses acting directly on the kidneys by 
their cfferent fibres is also conditioned by the reflexes from the vascular osmorecep- 
tors. The latter are stimulated by the insignificant drop in the osmotic pressure of the 
blood plasma which results from the dilution of the blood by the absorbed water. 


Normally the unconditioned reflexes, which influence renal function, are 
inseparably interlinked with the natural conditioned reflexes developed on 
their basis. Water drinking and all the stimuli connected with the intake 
of water (also, of course, beer, tea and other beverages), therefore, 
stimulate renal function determining the normal reaction of the kidneys 
to water intake. This manifests itself, in particular, in the fact that after 
an intake of water by mouth diuresis nearly always increases more than 
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when the same amount of water is imperceptibly ingested through a tube 
into the stomach. 


The interoceptors of the kidneys are, probably, also stimulated in the process of 
renal function. The resultant afferent impulses may reflexly influence the work of the 
kidneys. This question, however, is not clear as yet. 

Mechanism of diuresis caused by salts, glucose and other agents. A rise in the os- 
motic pressure of the urine flowing along the tubules decreases reabsorption. With 
the osmotic pressure of the tubular urine approaching 20 atmospheres the water in 
the kidneys is reabsorbed ever more slowly and ceases to be reabsorbed when the 
osmotic pressure in the urine reaches 22 10 24 atmospheres. Reabsorption of water 
from the urine into the blood slows down and more urine is thus produced when the 
concentration of the dissolved molecules (and ions) in the tubular urine rises. If, for 
example, the concentration of glucose in the blood plasma (and, hence, in the primary 
urine—the ultrafiltrate of the plasma) is higher than about 0.2 per cent, the excess of 
glucose is not reabsorbed from the tubular urine, the osmotic pressure of the urine 
rises and as a result reabsorption of water from the urine decreases and diuresis in- 
creases. This is observed in diabetes and after an injection of glucose into the blood 
when the concentration of glucose in the blood and in the ultrafiltrate of the plasma 
sharply rises. A rise in the osmotic pressure of the urine is also observed after injec- 
tions of sulphates (Na2SO, and MgSO) into the blood; the sulphates are scarcely 
reabsorbed. It may be wrong, however, to explain the diuretic effect of the injections 
of glucose and sulphates into the blood by physicochemical factors alone since even 
with 2 per cent glucose in the urine the osmotic pressure of the latter rises approxi- 
mately by only 2.5 atmospheres. 

An increase in diuresis is also observed after an intake of caffeine and certain 
mercurials. The influence of the former is explained by a greater flow of blood to the 
kidneys; the influence of the latter is thought to be due mainly to an increased passage 
of water from the tissues into the blood. 


Maximal concentration capacity of kidneys. All mctabolites and salts 
eliminated by the kidneys can be excreted only in the form of aqueous 
solutions. With no water taken in by the body the maintenance of a con- 
stant internal environment requires maximum water retention, i.c., ©x- 
cretion of urine of highest possible concentration. When the reabsorption 
of water in the tubules and the secretion of certain substances from the 
blood (of the normally found substances, apparently, creatine and potas- 
sium—E. Asratyan) lead to an ever-greater concentration of the urine, 
the osmotic pressure of the latter, as it flows along the tubules, 
increases. The cells of the tubular epithelium (thin scgment) resist this 
osmotic pressure of the tubular urine for some time, but then comes 
the moment when further absorption of water from the urine, which has 
become sharply hypertonic in relation to the blood, is no longer possible. 
In man the osmotic pressure of the urine never exceeds 25 atmospheres 
(compared with the 7.2 to 7.6 atmospheres of the osmotic pressure of the 
blood plasma). Twenty-five atmospheres is the osmotic pressure of an 
approximately 6 per cent solution of urea. Since, in addition to the latter. 
the urine always contains salts (even when no food or liquid are taken in 
they constitute at least 1 per cent of the urine) it may be said that the body 
cannot excrete more than 4 to 4.5 gr. of urea per 100ml. of urine (in 
children the concentration capacity of the kidneys during the first months 
of life is lower). With a diurnal production of at least 20 to 30 gr. 
of urea man cannot, therefore, rid himself of the products of nitrogenous 
metabolism if less than 400 to 500 ml. of urine is produced per day. Any 
impairment of renal function affects the capacity of the kidneys to re- 
absorb water. The degree of urine concentration, when no liquid is ingested 
(during complete starvation or dry-eating), therefore, serves as a certain 
index of renal efficiency. Since a 0.23 per cent increase in the urea content 
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of the urine raises the specific gravity of the urine by approximately 0.001. 
the value of the specific gravity of the urine excreted after 12 hours of 
starvation or dry-ealing is an index of the renal concentration capacity. A 
healthy body, during dry-eating or starvation, produces only 20 to 30 ml. 
of urine per hour, but the specific gravity of this urine is between 1,020 
and 1,030 with a 2.5 to 4 per cent urea content. Disorders of the renal 
function manifest themselves in a decreased capacity of the epithclium of 
Henle’s loop for reabsorbing water from the tubular urine into the blood. 
This may be due not only to an impairment of the cells of the tubular 
epithelium, but also to disorders of the regulation of renal function. The 
body rids itself of the “slags” of nitrogenous metabolism only by losing 
large amounts of water because in these cases elimination of concentrated 
urine is impossible and the body excretes a large quantity of urine with a 
low urea content and a specific gravity only a little higher than that of the 
blood plasma. The test of the concentration capacity of the kidneys by 
determining the amount and specific gravity of the urine excreted by man 
alter 12 to 16 hours of complete starvation (or taking food that does not 
contain any water, for example, dehydrated curds or dry bread), proposed 
by the prominent Russian clinicist S. Zimnitsky, is, therefore, a valuable 
method of diagnosing the condition of the renal function. 


Anuria 


Failure to produce urine is called anuria (a considerable decrease in the 
production of urine is known as oliguria). Anuria inevitably leads to death 
within 4 to 6 days because of intoxication by the products of nitrogenous 
metabolism and potassium salts which are not excreted with the urine. It 
is not quite clear as yet what substances cause the severe symptoms of 
anuria (convulsions, weakening of the cardiac function and coma, i.e.. 
paralysis of the higher nervous centres). It is, apparently, not a matter of 
urea alone. The retention of a number of products of protein metabolism, 
whose structure is as yet unknown, and of certain products of protein 
putrefaction in the intestines absorbed into the blood and usually excreted 
with the urine is, probably, of the greatest importance. Considerable im- 
portance in the symptoms of anuria is lately being ascribed to potassium 
ions whose increased content in the blood leads to acute disorders of the 
cardiac function. 


In anuria the skin and intestines eliminate a much larger amount of urea with the 
sweat and with the secretions entering the intestines than normally. This cannot, 
however, replace the deficient excretory function of the kidneys. Artificial “vivodial- 
lyzers” have been proposed; these ure a system of tubes in which the blood is sepa- 
rated from pure water all along by various artificial membranes impermeable to pro- 
teins, but penetrable to all other products of nitrogenous metabolism and to salts. 
Such an artificial kidney is connected with one of the arteries (the blood is prevented 
from coagulating by heparin); excessive loss of water and salts is compensated by 
their addition to the food. This method has kept animals alive for 3 to 4 weeks after 
removal of the kidneys, The method is likely to find application in the clinic in revers- 
ible renal disease when it is necessary to save the life for a few days until the renal 
epithelium regains relative normulcy (for example, in poisoning with salts of mer- 
cury). 

Momentary anuria (usually not dangerous to life) develops in response to harmful 
stimuli (for example, a painful puncture, applicution of electric current to the skin) 
and to signals of such stimuli. It has been demonstrated in L. Orbeli’s laboratory that 
such reflex anuria is cuused mainly by a vigorous secretion of an antidiuretic hormone 
into the blood. 
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CHAPTER 38 


ELIMINATION OF URINE AND EXTRARENAL 
EXCRETORY PROCESSES 


Functions of Ureters and Bladder 


The urine flows along the ureters by peristalsis of the latler’s smooth 
muscles. There are from one to five peristaltic contractions per minute, the 
contractions propagated along the ureters at the rate of 2 to 2.5cm. per 
minute. 

The smooth muscles of the bladder are arranged in three layers; the 
middle layer consists of circular fibres; the inner and outer layers. of fibres 
running parallel to the long axis of the bladder. At the site where the 
urethra leaves the bladder the circular muscles are thicker and embrace 
the initial part of the urethra (m. sphincter vesi- 
cae). The rest of the muscle fibres of the bladder 
are called the detrusor muscle. In the male the 
membranous portion of the urethra is surround- 
ed by a striated muscle (m. sphincter urethrae 
membr.) which forms the outer sphincter. The 
m. bulbo-cavernosus plays the same part. In the 
female the role of these muscles is partly played 
by the smooth circular muscles in the walls of 
the urethra, The detrusor and the m. sphincter 
vesicae exert antagonistic influences on the filling 
of the urinary bladder. In contracting the smooth 
muscles of the bladder develop a pressure which 
is transmitted to the urine filling the bladder. 
This factor ensures emptying of the bladder, 
whereas the circular muscles of the sphincter, 
when contracted, constrict the urethra and do 
not let the urine flow to the exterior. 

The bladder cmpties normally when the de- 
trusor muscle contracts and the sphincter simul- 
taneously relaxes. Retention of the urine re- 
quires relaxation of the detrusor and a contrac- 
tion of the sphincter. 

Innervation of muscles of urinary bladder. 





The motor fibres for the detrusor muscle are 
the parasympathetic nerve fibres of the sacral 
division of the vegetative nervous system. The 
cell bodies of the neurons which give off pre- 
ganglionic fibres of this division of the parasym- 
pathetic system are in the 2nd and 3rd sacral 
segments of the spinal cord. The preganglionic 
parasympathetic fibres run in the pelvic nerves 
and come in contact in the wall of the bladder 
with the cell bodies of the second neuron whose 


Fig. 166. Diagram of inner- 
vation of urinary bladdor. 
Left parasympathetic, 
right sympathetic innerva- 
tion of urinary bladder. 
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short axons form the postganglionic parasympathetic fibres. These fibres 
stimulate the detrusor and inhibit the sphincter of the bladder (Fig. 166). 

‘The motor fibres of the sphincter of the bladder are sympathetic nerve 
fibres; the postganglionic fibres innervating the sphincter are axons of the 
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neurons located in the hypogastric ganglion. The preganglionic sympathetic 
fibres which come in contact with the cells of this ganglion are axons 
of the sympathetic cells located in the 1st-3rd lumbar segments of the 
spinal cord. These preganglionic sympathetic fibres run to the hypogastric 
ganglion in the inferior mesenteric plexus and the superior and inferior 
hypogastric plexes. 

The sympathetic fibres simultaneously cause the sphincter to contract 
and inhibit the work of the detrusor. This may be presented schematically 
as follows: 


Sympathetic Parasympathetic 
fibres fibres 
M. detrusor Inhibit Stimulate 
M. sphincter vesicae Stimulate Inhibit 


The afferent fibres from the urinary bladder travel in the pelvic and 
hypogastric nerves, while the afferent fibres of the urethra run in the 
pudendal nerve. The fibres which transmit the impulses of pain from the 
bladder and the urethra travel only in the pelvic nerve. 


Mechanism of Micturition 


One of the properties of smooth muscles, especially strongly pronounced 
in the muscles of the urinary bladder, is the ability to stretch to a certain 
limit without appreciably changing their tension. Whether there are 10, 
30 or 100 ml. of urine in the human bladder the pressure in its cavity will 
hardly change without the impulses which cause the bladder to contract. On 
the other hand, should the amount of liquid 
go beyond a certain value (which varies 
with the physiological states of the bladder) 
the pressure in its cavity will rise and drop 
sharply during micturition (Fig. 167). 

Distention of the bladder acts as a nat- 
ural stimulus for the receptors located in 
the wall of the bladder. Stimulation of 
these receptors reflexly causes the detrusor 
to contract and the sphincter to relax. This 
is the micturition reflex. 

The detrusor usually contracts reflexly 
when the pressure in the cavity of the 
bladder rises to 12-15 cm. H,O and the 
Fig. 167. Pressure in urinary bliul- een he cers aa 2 a ml. or 
der contir uoua ine) depending Urine. 1, however, e flow of the urine 
on its distention; fall of prewure, into the bladder is fast (high diuresis) the 
(dotted tine) during emptying of | pressure in the bladder reaches 12 to 15cm. 

bladder (after Denny-Brown). H-O with a lesser filling of the bladder 

than when it is distended slowly at a low 
diuresis. A desire for micturition is experienced only when the pres- 
sure of the liquid in the bladder reaches a certain value. The desire to 
micturate is accompanied by respiratory changes and changes in the 
potentials of the skin (Figs. 168 and 169) so that micturition, like all normal 
reflex acts, is connected with the functions of a number of effectors. 

Contractions of the detrusor may not lead to micturition if the sphincter 
remains contracted. The most acutely experienced desire to micturate is, 
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probably, connected with the period when the contractions of the detrusor 
do not lead to an emptying of the bladder because of the failure of the 
sphincter to relax. These contractions soon cease, to be resumed with the 
further distention of the bladder. 

The normal act of micturition is aided by: 

a) a rise in pressure in the bladder caused by contractions of the ab- 
dominal muscles. This forms the basis for the ability to empty the bladder 
at will when there are small amounts of urine in the bladder (by “strain- 
ing” oneself); 

b) reflexly increased contractions of the detrusor muscle produced by 
stimulation of the receptors in the urethra during the passage of urine: 
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Fig. 168. Contractions of urinary bladder museles during “sham-infusion of liquid into 

bladder,” i.e., during rise in the liguid pressure in manometer located before person 

examined, Former ly the rise in pressure in the manometer corresponded to real distention 

of bladder by liquid infused into it, Lt ean be observed that with a rise in pressure in the 

manometer to figure 7 pressure in urinary bladder begins to rise. Urge for urination 

appear and dhe skin potential changes simultancously (galvanogram) (alter E. Atrape- 
tyanis). 


c) relaxation of the external sphincter (in the male) and the m. bulbo- 
cavernosus which occurs reflexly as the urine enters the initial portion of 
the urcthra. 

Micturition is a typical reflex process. The lower level on which the 
reflex arc of this reflex closes is the 2nd, 3rd and 4th sacral segments of 
the spinal cord where the cell bodies of the efferent neurons of the bladder 
muscles are located and the afferent fibres of its receptors enter, The spinal 
neurons of the micturition centre are controlled by the higher division of 
the central nervous system—the cerebral cortex. Cortical influences make 
possible “voluntary” retention of the urine or, on the contrary, “voluntary” 
micturition. 

Regulation of micturition involves the cerebral cortex. Airapetyants demonstrated 
in his experiments the possibility of influencing micturition by conditioned reflexes. 
Increased pressure is produced in the urinary bladder of the person studied by an 
ingestion of water into the bladder through a catheter. The muscles of the bladder 


contract and a desire to micturate is experienced when the distention of the bladder 
and the pressure reach a certain stage which is registered by a manometer (Fig. 168). 
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The subject continuously watches the manometer. The constant combination of the 
micturition reflex with the signul—reading on the manometer, which indicates the 
value of the pressure in the bladder, Icads to the development of a conditioned reflex. 
Micturition occurs when the subject sees a certain pressure valuc on the manometer. 
Moreover, the pressure figure shown on Lhe manometer causes micturition even when 
the manometer is disconnected from the bladder and no liquid has really been in- 
gested into it (the pressure in the bladder is close to zero). Contrariwise, if no rise in 
pressure signalizing the distention of the urinary bladder is registered by the mano- 
meter the bladder may be filled with 400, 500 or 000 ml. of liquid, the pressure may be 
raised to twice the value which usually causes micturition and the subject will mani- 
fest no signs of reaction tu the increased pressure in the bladder. An uttered word 
designating stimuli, which usually cause micturition, leads to a rise in pressure in the 
urinary bladder and to micturition with no real distention of the bladder. The signals 
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Fig.169, Rise in pressure in urinary bladder, appearance of urge for urination and change 
inskinpote Mtialsin response 10 oral signal of distention of the urinary bladder—ai tering 
figuren 1, 2,3, ete. (shown on wide white hand), designating such rise in pressure in Che 
manometer which in former experiments on given person took place when liquid: was 

infused into urinary bladder (after 15. Airapetvants). 






































which the activity of the cerebral cortex associates with the state of the urinary blud- 
der may replace, as it were, the impulses from ils interuceptors. Under normal con- 
ditions micturition is in large measure determined by conditioned reflexes produced to 
situations in which this act is usually performed: this leads to difficulties when it 
is necessary to perform it. under other circumstances, for example, lying on a bed-pun. 
etc. 


Extrarenal Excretory Processes 


The kidneys are the main, but not the only organ through which the 
processes of excretion take place. The significance of excretion of faeces 
has already been dealt with. The skin, liver and lungs are also excretory 
organs. 

Excretory function of skin. In addition to protecting all the underlying 
tissues, the skin also discharges another function, that of eliminating a 
number of compounds with the sweat. The most important part played by 
the skin is that of excreting water; this process is significant not only from 
the point of view of excretion, but also as a most important mechanism 
of thermoregulation. We must remember that in addition to water, salts 
(chiefly chlorides), lactic acid and products of nitrogenous metabolism are 
also excreted with perspiration. In profuse perspiration this is of essential 
importance. Elimination of urea and other compounds through the skin 
may to some extent compensate for a deficiency in the functions of the 
kidneys. 

Even outside the process of perspiration the skin is capable of retaining 
considerable amounts of water and sodium chloride. If large quantities of 
water and common salt are consumed their content in the skin markedly 
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increases and remains on a high level for a rather long time. The reaction 
of the skin, especially its surface layers, is acid which, probably, attenuates 
bacteria. 

Excretory function of liver and lungs. The importance of bile production 
to the processes of excretion is apparent from the fact that the inability 
to eliminate the bile, which is manifest in jaundice., leads to serious con- 
sequences and sometimes even to death. The products of haemoglobin 
dissociation (bile pigments) and the cholesterol derivatives (bile acids) are 
excreted with the bile. Part of these products is reabsorbed in the intestines 
into the blood, undergoes additional changes and is excreted by the kidneys 
or eliminated with the facces so that the liver is not an organ whose 
direct function is excretion. The role of the liver in excretion is insepa- 
rable from its role in all processes of intermediate metabolism. 

Water vapours which saturate the expired air are always eliminated with 
it in quantilies varying with pulmonary ventilation and the humidity of 
the inspired air. Some authors believe that negligible quantities of some 
poisonous substances are eliminated with the expired air, but this has not 
found any confirmation as yet. 


PART X 
PHYSIOLOGY OF THE ENDOCRINE GLANDS 


CHAPTER 39 


METHODS OF INVESTIGATING THE FUNCTIONS OF THE 
ENDOCRINE GLANDS 


The products of metabolism which come into the blood from the tissues 
and are carried by the blood throughout the organism produce a definite 
physiological action. For example, the CO, of the blood exerts a marked 
influence on the central nervous system and is one of the important agents 
in the regulation of the respiratory movements (see Chapter 21). Apart 
from the nonspecific metabolites common to many tissues, certain specific 
substances are secreted into the blood by special organs having a special 
histological structure; these substances produce a considerable physiological 
effect upon the metabolic processes and upon the course of various physio- 
logical functions. 

The secretion of specific substances directly into the blood, unlike the 
external secretion, which from the glands passes through ducts onto the 
surface of the body, or into certain cavities (alimentary canal, respiratory 
tracts, etc.), is designated as internal secretion. The organs which produce 
such substances are called glands of internal secretion, or endocrine glands. 
The physiologically active substances elaborated by the endocrine glands 
and secreted into the blood are termed hormones. The endocrine activity 
is also called incretory. 


The century-old experience of mankind in the field of animal husbandry led already 
in ancient times to the practice of castration (removal of the sex glands) for the pur- 
pose of fattening animals, or of using them as draught unimals. The connection be- 
tween castration and modifications of the secondary sexual characters in man was also 
known long ago. But the role played in the development of the secondary sexual char- 
acters by the introduction of the products of the sex glands into the blood (Berthold's 
experiments with engrafting in castrated cocks of testes previously excised from 
them, 1849) was clearly conceived only in the middle of the 19th century. The de- 
velopment of the theory of internal secretion owes much to Claude Bernard who was 
the first to suggest the very term “internal secretion.” The experiments of Brown- 
Séquard (1889) who injected testicular extracts of animals into himself produced a 
great impression: the injections brought about a marked improvement in the 
physical state and working capacity of the aged scientist who was 72 years old at the 
time. Although this effect. as it turned out later, was a result of autosuggestion, Brown- 
Séquard’s experiments attracted wide attention to the problems of internal secretion. 

Observations of patients suffering from the bronzed disease (Addison’s disease) 
led to the conclusion that an important role was played by the adrenals. Surgical 
operations in the region of the thyroid gland and observations of patients suffering 
from Basedow’s disease and myxoedema provided sufficient data to determine the 
role of the thyroid secretion. The study of diseases caused by metabolic disorders 
and the experiments aimed at reproducing these disorders in animals, made it pos- 
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sible to establish the endocrine function of the islands of Langerhans, the function 
of the parathyroid glands and the hypophysis. The term “hormone” was introduced 
by Bayliss und Starling at the beginning of this century in connection with their 
discovery uf secretin (page 281). 


Experimental investigations of the endocrine glands in laboratory ani- 
mals are based on observations of the consequences produced by cxtirpa- 
tion of these glands, and of the effects of the introduction into the organ- 
ism of the active products secreted by the glands. In the main these 
methods of investigation correspond to the experiments performed in all 
branches of physiology, namely, the extirpation and stimulation of certain 
organs. 

The surgical removal of a gland terminates the passage of its hormones 
into the blood. The concomitant disturbances of metabolism and of the 
growth and development of the organism are due to the exclusion of this 
gland. The deficiency in the corresponding hormones can be made up 
cither by transplanting similar glands from another animal or by introduc- 
ing their extracts into the organism. 

Since certain hormones are destroyed in the gastrointestinal tract, the 
action of glandular extracts upon the organism must be studied with the 
aid of parenteral administration. Such experiments are most frequently 
performed on animals in which the corresponding gland has been removed; 
in these cases the administration of extracts from the missing gland or of 
its preparations containing active hormones clearly prevents or eliminates 
the disorders caused by the removal of this gland. But hormones introduced 
into the blood also affect. normal animals because their action is added to 
that of the hormone produced by the corresponding gland. 

In order to establish the chemical nature of the hormones, the sub- 
stances of which the extracts or products of decomposition of the glandular 
tissue consist are isolated and the physiological action of cach of the 
products thus obtained is tested. A chemically pure substance with a 
specific action, i.c., a pure hormone, is finally produced. If the chemical 
structure of the hormone is not very complex, its study usually results in 
a chemical synthesis. Similar effect of a product obtained synthetically and 
of that obtained from a gland is the final proof of the chemical nature of 
the hormone under investigation. 

Human pathology shows that certain glands are affected by various 
diseases (tuberculosis, tumours, etc.). Disorders of glandular activity, the 
nature of which is not clear as yet and in which either less hormones 
(hypofunction) or more hormones (hyperfunction) are produced, are also 
observed. Sometimes the function of the endocrine glands is impaired, 
i.e., there is a dysfunction of the endocrine glands. In some cases, because 
of a lesion, an endocrine gland is surgically either fully or partially 
removed. All disturbances of metabolism, growth, development, working 
capacity, etc., observed in the aforesaid cases, make it possible to evaluate 
the significance of the various endocrine glands. 

Anatomo-physiological features common to the endocrine glands. As a 
rule, the endocrinc glands are smal] organs. Except the thyroid gland, 
which weighs from 40 to 50 gr., the weight of any endocrine gland does not 
exceed several grams and often constitutes only a fraction of a gram. 

The total lumen of the arteries which supply these organs with blood is 
considerably larger than could be expected judging by the size of the endo- 
crine glands. The arteries are divided into a dense capillary network ensur- 
ing a rich supply of blood to the endocrine glands. In the hypophysis the 
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structure of the vascular system bears the character of a portal system. The 
superior hypophyseal artery breaks up into a vascular plexus which entangles 
the stalk of the hypophysis and of pars tuberalis. Then the vessels of this 
plexus unite into blood sinuses of the anterior lobe of the hypophysis; 
from the latter the blood passes along the veins into the sinus cavernosus. 

The abundant vascularization of the endocrine glands is undoubtedly 
connected with the nature of the physiological function of these glands, 
ie., the substances produced by them should easily pass into the blood. 
Since there arc many substances with a considerable molecular weight 
among the hormones (some hormones of a protein nature) or substances 
of low solubility (hormones of a steroid nature), their passage into the 
blood stream requires a large surface of contact between the cells of the 
endocrine glands and the walls of the blood vessels. 

The endocrine glands are supplied both with vasomotor nerves and 
nerves which act upon the glandular tissue. The nerve fibres in the 
endocrine glands are unmyelinated and belong to the vegetative nervous 
system. The tissue of the thyroid gland is supplicd with sympathetic fibres 
of the superior cervical sympathetic ganglion and with parasympathetic 
fibres (vagus nerve). The hypophysis is innervated from the superior 
sympathetic ganglion and from the nuclei of the hypothalamic region. The 
medullar substance of the adrenals is innervated by sympathetic fibres of 
the splanchnic nerve. In the pancreas the islands of Langerhans, which 
discharge an endocrine function, are innervated by nerve fibres (mainly of 
the vagus) dilfering from the fibres which supply nerve endings to the 
exocrine elements of the pland. 

Since the activity of the endocrine glands is stimulated by nerves. their 
function is controlled by the central nervous system and is integrated with 
it. Agents of the external and interna] environment influence the produc- 
tion of hormones through the central nervous system. Introduced into the 
blood and carried by it throughout the organism the hormones act upon 
corresponding physiological systems and organs. 


CHAPTER 40 


INTERNAL SECRETION OF THE THYROID 
AND THE PARATHYROIDS 


In the course of embryonic life the thyroid develops from rudiments 
which bulge out from the ventral part of the foregut. In the adult the 
gland consists of two oval bodies lying on either side of the lower part 
of the larynx and trachea and joined by an isthmus. The gland is made 
up of follicles which represent cavities lined by a layer of cubical epithelial 
cells and filled with ‘‘colloid’’—a semiliquid viscous mass. The follicles are 
separated from one another by layers of connective tissue. The products 
of secretion are poured into the blood. The thyroid is richly supplied with 
blood by three arteries. It receives three times its own weight of blood per 
minute. Before the secretory function of this gland was learned ıt had 
been regarded as a regulator of blood circulation. 

The thyroid contains abundant unmyclinated nerve fibres running from 
the superior cervical sympathetic ganglion and parasympathetic nerve 
fibres from the vagus. The nervous system controls the work of the thyroid 
through these fibres. 
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Hypothyroidism and Hyperthyroidism 


It has long been known that inhabitants of certain localities have en- 
larged thyroids. These people develop a goitre (a swelling in the front. part. 
of the neck), owing to which the disease itself is called endemic goitre (the 
word “endemic” signifying that this disease is 
peculiar io a certain locality). The function of the 
thyroid is sharply reduced (hypothyroidism) due to 
the degeneration of its glandular tissue. The 
disease is accompanied by lowered metabolism. a 
slow pulse, dry and wrinkled skin. mucous oedema, 
apathy and mental deficiency. The discase has 
been named myxoedema (which means mucous 
ocdema). Is development is due to an accumula- 
tion of mucin in the intercellular fluid; the colloid- 
osmotic pressure rises and leads to retention of 
water. 

Cases of cretinism are frequent in localities 
where endemic goitre is widespread; this condition 
is marked by arrested physical and mental 
development, dystrophy of the skeleton, under- 
development of the sex glands, coarseness of the 
skin, weakness of the memory, inability to think 
abstractly. ete. The disease is caused by failure of 
the thyroid to develop congenitally or in childhood. 
The carlier it occurs the more retarded the physi- 
cal and mental development (Fig. 170). 

Extirpation of goitres in children attempted in 
the eighties of last. century (Kocher) only further | Fig. 170. 
impaired the health of the patients. Experiments — Mighteen-year-old patient 
: x : ; : : : altlicted with my xoedena 
in which the thyroid in animals is excised and  cretinism (anler 
reproduce in general outline the picture of thyroid N. Sheroshevsky ). 
deficiency in man: the metabolism drops, the 
pulse slows down, the skin becomes dry and oedematous and the hair falls 
out. The animal becomes dull, sluggish and indifferent to the surroundings. 
2 Young animals subjected to this 

G> aN operation fail to grow (Fig. 171). 
| eS Removal of the thyroid at 
ver carly stages of development in 

R i lower vertebrates impedes their 
: metamorphosis. For example. 
excision of the thyroid in tad- 
poles prevents their develop- 
ment into frogs. 

Another disorder of the thy- 
roid is its excessive function or 
hyperthyroidism. This disturb- 
ance is also accompanicd by 
an enlargement of the gland. 
1 though it is not so pronounced 
tee ay as in severe forms of endemic 
goitre. In this case, however, 








Vig. 17). Pups of mme litter: right- normal, x 
left -with thyroid removed. the tissue of the gland produces 
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more hormone than in the healthy indiv- 
idual. This disease was described as far 
back as the first half of the 19th century 
by Graves and subsequently by Basedow 
and is called Basedow’s discase. Investiga- 
tions of patients suffering from this dis- 
ease disclose the following three symp- 
toms: enlargement of the thyroid gland. 
protrusion of the eyeballs (exophthalmos. 
Fig. 172) and accelerated heart rate. Other 
essential symptoms are: increased metab- 
olism, rise in body temperature and mus- 
cular weakness. 


Hormone of the Thyroid 





: Sa Thyroid deficiency is successfully treated 
Fig. 172. Patient with Basedows by addition of fresh thyroid tissue of 
discasc, animals or its dry preparations to the food. 
One of the proteins of the thyroid, thyro- 

globulin, contains iodine. Alkaline hydrolysis of this substance produces 
simpler iodine-containing substances, namely, diiodotyrosine and thyrozin. 


J 
HO—~  ;— CH, CHCOOH: 
J NH, 
Ditodutyrosine 
J Joo. 
HO—. —0—“ “CH CHCOOH. 
J J NH, 


Thyroxin 


These substances were subsequently also obtained synthetically. The 
active principle of the thyroid gland is thyroxin. 

Thyroxin, when introduced subcutaneously, raises general and protein 
metabolism, decreases the ability of the liver to store glycogen, increases 
the excretion of urine and, together with it, of nitrogenous products, raises 
the excitability of the nervous system and accelerates the heart rate. 
Administered to patients suffering from thyroid deficiency it produces a 
therapeutic effect removing the symptoms of hypothyroidism. 

Administered in large quantities to lizards and birds thyroxin and the 
preparations of the thyroid provoke premature moulting; hens may moult 
so rapidly as to lose all their feathers within several days (B. Zavadovsky). 
In tadpoles thyroxin and thyroid tissue accelerate metamorphosis; before 
attaining their full size the tadpoles turn into small frogs. 

Thyroxin is a strongly acting substance. Already in a dilution of 1:10° 
it clearly influences the metamorphosis of tadpoles. Administration of 
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10 mg. of thyroxin to a myxoedema patient produccs 
a considerable rise in the gaseous exchange lasting 
many days (Fig. 173). 

The human body contains little thyroxin—about 
20 mg. Experiments with radio-active iodine have 
revealed that thyroxin is rapidly synthesized in the 
thyroid gland. Iodinc, administered as potassium 
iodide subcutaneously, is retained mainly in the 
thyroid as diiodotyrosine and thyroxin. 

Thus, the normal functioning of the thyroid re- 
quires an adequate supply of iodine. Man daily 
requires 0.15 to 0.3 mg. of iodine, while the human 
blood contains only 0.003 to 0.01 mg. per cent of it. 
Most of the iodine required comes to the human 
organism with drinking water and vegetables, and 
endemic goitre is widespread where the ground and 
drinking water contain too little iodine. The lack of 
iodine in drinking water can be made up by the 
addition of requisite quantities of potassium iodide to 
the common salt (1 gr. KJ per 100 kg. NaCl). 





% 
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Fig. 173. Curve shows 
changes in general me- 
tabolism of adult male, 
suffering from my xoc- 
dema, after intraven- 
ous injection of 10mg. 


of thyroxin. 
Along ordinate. devia 
tions in metabole rate 
from normal in %, (after 


mA i $ . Boothby and Cauntry). 
Diiodotyrosine and thyroxin can be produced in HAN à 


vitro by iodizing proteins in the presence of hydrogen 

peroxide. Some reducing agents, such as thiourea and a number of its 
derivatives, prevent the formation of thyroxin in vitro and in vivo. Ad- 
ministration of some derivatives of thiourea (for example, thiouracil) is 
very effective in Bascdow’s disease because it reduces the synthesis of 
thyroxin in the patient's thyroid gland. 

Thiouracil inhibits the synthesis of thyroxin, but does not neutralize the 
thyroxin which has already entered the blood. Unlike thiouracil paraxan- 
thine (1.7 dimethylxanthine), one of the derivatives of purine, is an anta- 
gonist of thyroxin and decreases metabolism. 


Regulation of Thyroid Activity 


Thyroid activity is controlled by the nervous system. the influence of 
the latter being effected directly through the nerve fibres running to the 
thyroid and through other endocrine glands (hypophysis, sex glands). 

The role of the cerebral cortex in supplying thyroxin to the blood was 
established by R. Olnyanskaya who succeeded in elaborating a conditioned- 
reflex increase of metabolism, apparently due to the passage of thyroxin 
from the thyroid to the blood. The significance of the sympathetic nerve 
fibres was demonstrated by the experiments of W. Cannon and by those of 
A. Tonkikh, in L. Orbeli’s laboratory. If the peripheral end of the sympath- 
etic nerve running to the gland from the superior cervical sympathetic 
ganglion is sutured to the distal end of the phrenic nerve, the animal 
develops hyperthyroidism accompanied by increased metabolism, acceler- 
ation of the pulse, etc. It is probable that as soon as the fibres of the 
phrenic nerve reach the tissue of the gland the rhythmic excitation of the 
nervous centres from which this nerve issues provokes a constant flow of 
impulses to the gland, and this in its turn induces the gland to synthesize 
the incretion. 
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The reguiation of thyroid function is also effected through the hypo- 
physis. The anterior lobe of the hypophysis claborates a thyrotropic hor- 
mone, i.e.. a hormone which intensifies the function of the thyroid. 


Activity of the Parathyroids 


The parathyroids are four small oval-shaped bodies; in man they are 
located in the capsule of the thyroid at its lateral edges; in some animals 
(for instance, in rabbits) they lie outside the thyroid gland. Each human 
parathyroid weighs about 0.1 gr. The parathyroids develop from the pro- 
trusions of the third and fourth branchial arches and in a developed state 
represent thick columns of epithelial cells (hence, the parathyroids are 
also called epithelial bodies) surrounded by connective tissue and richly 
vascularized. 

Removal of all parathyroids in animals soon causes spasms (tetany) and 
death. Before the physiological role of the parathyroids was known they 
were sometimes inadvertently removed in thyroidectomics with the same 
fatal results. 

Spasms caused by removal of the parathyroids or their hypofunction 
are due 10 a sharp increase in the excitability of the neuromuscular system. 
The galvanic excitability of the 
motor nerves is increased. A 
light tap on the face in the region 
of the facial nerve causes the 
facial muscles to contract (Chvo- 
stck’s sign). Pressure on the 
upper arm with a sphygmomano- 
meter cuff may produce carpal 
spasm. In a spasm the hand 
Fig, (4. “Obst tricin’s hand” during tetanie assumes a characteristic position 

altaek due to delicieney of pamthy voids, known as the “obstetrician’s 

hand” (Fig. 174). Since the 
posterior muscles of the neck are much stronger than the anterior 
muscles, the head is drawn back (opisthotonos). The spasm may also spread 
to the muscles of the internal organs—the pylorus (pylorospasm) and the 
larynx (laryngospasm). During pylorospasm food fails to pass from the 
stomach into the duodenum and uncontrollable vomiting results. Laryngo- 
spasm is especially dangerous since it may lead to suffocation. 

Tetany caused by dysfunction of the parathyroids may result from 
traumas to these glands, certain infectious discases and poisoning (by 
phosphorus and lead). Tetany not infrequently occurs in children in the 
first or second year of life (spasmophilia). 

Modifications in the state of the neuromuscular system are due mainly 
to changes in the calcium content of the blood plasma. Lack of the para- 
thyroid hormone in the blood reduces the blood calcium from between 9 
and 12 to 5 or 7mg. per cent. The mechanism by which the blood 
calcium content is reduced is, apparently, as follows: lack of the 
parathyroid hormone raises the threshold for the excretion of phosphates 
by the kidneys. The excretion of phosphates with the urine decreases, and 
the phosphate content in the blood plasma increases. The very low solu- 
bility of calcium phosphate reduces the calcium content. Introduction of 





calcium salt into the blood lowers the excitability of the neuromuscular 
system. but this effect does not last long; the calcium is rapidly eliminated 
from the blood, and conditions are again created for the recurrence of 
spasms. Apart from changing the blood calcium content the parathyroid 
dysfunction shifts the acid-base balance of the organism towards an 
alkaline excess (alkalosis) and an accumulation of guanidine bodies in the 
organism. 

Administration of the parathyroid hormone increases the elimination of 
phosphates with the urine, decreases the content of phosphates in the 
blood plasma. and results in a strongly pronounced (up to 20 mg. per cent) 
and protracted increase in blood calcium. 

The parathyroid hormone is a protein body. It is easily destroyed by 
proteolytic enzymes and therefore cannot be administered by mouth. 

Some tumours and hyperplasia of the parathyroids are responsible for 
an excess production of the parathyroid hormone which is accompanied 
by an increase in the calcium content. a drop in the content of inorganic 
phosphates of the blood plasma, an accumulation of calcium salts in many 
organs (lungs, liver, kidneys, skin. large blood vessels, endocrine glands, 
ctc.), discases of the skeletal system (increased porosity and excess growth 
of fibrous tissue) and the muscles (reduced efficiency). 


CHAPTER 41 
INTERNAL SECRETION OF THE PANCREAS 
Islands of Langerhans 


Clusters of cells (in man each cell is several tenths of a millimetre in 
size) which have no communication with the ducts of the gland are dis- 
persed like islands in the glandular tissue of the pancreas. These so-called 
islands of Langerhans are richly supplied with blood vessels, owing to 
which the products elaborated in these cells casily get into the blood 
stream. 

At the end of the 19th century it was found that extirpation of the 
pancreas resulted in diabetes mellitus (increase in the blood sugar, appear- 
ance of sugar in the urine, disturbance of carbohydrate and fat. metab- 
olism—see p. 315). Subcutaneous prafting of the pancreas in such animals 
removed the disturbances in carbohydrate metabolism. In 1900, L. Sobolev 
found that after ligature of the pancreatic ducts the glandular tissue 
atrophied, while the islands remained intact. On the contrary, in people 
suffering from diabetes the island tissue degenerates and sometimes dis- 
appears entirely. Changes in the island tissue are the more pronounced, the 
greater the disturbance of carbohydrate metabolism in the patient before 
his death. Hence, Sobolev concluded that the islands of Langerhans were 
“blood glands” (i.c., glands of internal secretion) indispensable to the regu- 
lation of carbohydrate metabolism. He also outlined methods of treating 
diabetes. It was known that the use of the entire pancreas in the treal- 
ment of diabetes failed since it was rich in trypsin (an enzyme which 
destroys the active principle entering the blood). Sobolev proposed to 
utilize the pancreatic glands whose tissues atrophy after ligature of the 
duct, or pancreatic glands of newborn animals (for example, calves) in 
which the island tissue is already well developed, while the cellular ele- 
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ments producing the enzymes of the pancreatic juice are still inadequately 
represented. 

Twenty-two years later this method suggested by Sobolev was further 
developed by two Canadian scientists Banting and Best for obtaining 
insulin (insula means island), the hormone produced by the islands. 


Insulin and Its Action 


Insulin, the hormone of the island tissue, is a protein with a molecular 
weight of 12,000. A molecule of insulin consists of four polypeptide chains. 
in which the amino acid composition and the succession of the amino 
acids is almost fully known (Saenger). Insulin preparations usually contain 
zinc; pure insulin preparations containing no zinc can be obtained, how- 
ever, without reducing the effectiveness of the insulin. 


As a protcin substance insulin is casily destroyed by proteolytic enzymes. This 
is why in the past researchers failed to obtain the active principle of the island tissue 
through mincing the tissue of the pancreas with subsequent extruction by water 
solutions. In this procedure the proteolytic enzymes contained in the pancreas rapidly 
destroyed the insulin. In preparing insulin today the cooled pancreas is rapidly 
minced in a cold mixture of water and alcohol acidified by hydrochloric acid. Under 
these cuondilions the proteolytic enzymes are rapidly inactivated. Since insulin is 
casily destroyed by proteolytic enzymes, it cannot be administered by mouth and 
must be introduced subcutaneously or intravenously. 


When insulin is introduced into the blood the content of blood sugar 
decreases, the decrease varying with the amount of insulin entering the 
blood. Thus, hyperglycemia observed in diabetes can be relieved and the 
passage of sugar into the urine, i.e., glycosuria, can be stopped. 

The changes in metabolism underlying hypoglycemia have nol yet been 
sufficiently elucidated. When insulin is injected an increase in the syn- 
thesis of glycogen and in the oxidation of carbohydrates is observed. 

Excessive introduction of insulin into the blood drives the blood sugar 
content below the normal limit. This condition is designated as hypo- 
glycemia. The latter may become so acute as to derange the supply of 
glucose to the brain. The animal develops hypoglycemic shock expressed 
in convulsions and coma. The shock is rapidly relieved by introduction 
of glucose into the blood which proves that hypoglycemic shock is caused 
mainly by a low content of sugar in the blood. When large quantities of 
insulin are administered it acts for many hours. A single administration 
of glucose therefore maintains a high sugar concentration but a short 
time, and hypoglycemic convulsions may recur necessitating repeated 
administration of glucose. Failure to administer glucose during a severe 
hypoglycemic shock in due time may lead to death. 

Tt follows that as a remedy insulin must be used sparingly, at the discre- 
tion of a physician and in doses strictly corresponding to the needs of the 
disease. 


Insulin is a protein body and we therefore have no chemical methods of estimat- 
ing its quantity in the presence of other proteins. Since insulin preparations differ. 
their dosage must be based on a knowledge of the physiological action of cach prep- 
aration. The accepted “unit of action” is one-third of the amount required to re- 
duce the content of blood sugar to 45 mg. per cent in a two-kg. rabbit after 24 hours 
of fasting. Standard preparations contain about 8 units per 1 mg. of dry substance. 
In view of the rapid destruction of insulin in the tissues it must be administered to 
diabetic patients several times per day, the daily dose usually constituting 20 to 40 
and even up to 100 units 
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Regulation of Insulin Secretion 


The ability of the island tissue to produce insulin is retained even when 
the pancreas is fully denervated, or transplanted subcutancously. The 
finer regulation, however, is effected by the nervous system. It has been 
found that the secretion of insulin is stimulated by the vagus. 

The natural and constant factor which influences the secretion of insulin 
in a healthy individual is the content of blood sugar. With a high concentra- 
tion of blood sugar greater amounts of insulin enter the blood and the 
sugar content decreases as a result. This is revealed by the study of the 
so-called "sugar curves” which reflect the changes in the content of blood 
sugar at different intervals after the intake of large quantitics of sugar. 
An increase in the content of sugar, as a result of its absorption. is often 
followed by its sharp decrease, even below the normal limit. With a low 
concentration of blood sugar the secretion of insulin is retarded and is 
accompanied by an increase in the content of sugar in the blood. This is 
why a rapid decrease in the blood sugar is often followed by a second, 
though shorter, rise in the “sugar curves.” It should not be forgotten that 
in addition to insulin the blood sugar is also influenced by adrenalin (a 
hormone of the adrenal medulla): passage of the latter into the blood 
leads to an increase in the blood sugar content, i.c.. produces an effect 
contrary to the action of insulin. 

The blood sugar influences the secretion of insulin to a certain extent 
directly through sugar-rich blood flowing to the cells of the island tissue. 
There is apparently another, more cssential way, however. It has been 
demonstrated that if blood having a high sugar content is perfused through 
the blood vessels of a head connected with the body only by the vagi, the 
supply of insulin into the blood increases. 

In diabetes hyperglycemia does not exert any influence on the island 
apparatus because of its atrophy or hypofunction. The island apparatus 
can be degencrated experimentally by the introduction of alloxan which 
affects the cells of the island tissue selectively. Thus it is possible to 
develop diabetes in animals (alloxan diabetes). 


Lipocaic Substance of the Pancreas 


In addition to insulin, the tissues of the pancreas contain a substance 
the deficiency of which leads to fatty degeneration of the liver and a 
decrease in the lipoid content of the blood. Administration of insulin docs 
nol remove these disturbances and animals in which the panercas has been 
extirpated die within two or three months even if they are regularly given 
requisite amounts of insulin. The death of such animals can be averted 
only if they are fed a definite amount. of pancreatic tissue of other animals. 

Fatty degeneration of the liver is also caused by lack of choline and 
methionine. These substances are contained in the tissue of the pancreas, 
but the function of the latter cannot be confined exclusively 1o the pro- 
duction of these substances and it. is therefore supposed that. some other 
specific substance is elaborated in the pancreas. 

This, yet insufficiently known substance contained in the pancreas and 
indispensable to the regulation of lipoid metabolism has been termed 
lipocaic substance. There is no doubt that some forms of diabctes arc com- 
plicated due to an insufficient supply of the lipocaic substance to the 
organism. 
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CHAPTER 42 


INTERNAL SECRETION OF THE ADRENALS 
The Adrenal Cortex and the Adrenal Medulla 


The adrenals are {wo small bodies (cach weighing from 5 to 8 gr.) 
situated near the upper pole of the kidneys. As regards phylogenetic origin 
and embryonic development each adrenal represents two different organs 
which in higher animals are anatomically united forming a single whole. 

The central part of this organ is the medulla which is formed from the 
adrenal tissue. It consists of cells of the sympathetic nervous system and 
of cells containing granules coloured brown by chromic acid and green 
by salts of iron. Hence (hey are designated as chromaffin cells. Adrenal 
tissue can be found also outside the adrenals in the form of small knots. 

The outer part of the adrenals or their cortex is formed by the interrenal 
tissue. The cells of this tissuc contain numerous granules of a lipoid nature. 

In fishes the adrenal and interrenal tissues are anatomically separated. 
Beginning with amphibians and ending with mammals, these tissues grow 
into each other and form a single organ. 

In the course of embryonic development the chromaffin tissue is formed 
from the same cctodermal cells as the sympathetic nervous system. The 
interrenal tissue is of a mesodermal origin, common with that of the sex 
glands. 

Physiologically both tissues perform the functions of endocrine glands. 
However, they have separate systems of blood circulation and produce 
incretions which differ both in their chemical nature and physiological 
cffect. 

The adrenals are richly supplied with blood: they receive seven times 
their own weight of blood per minute. 


Hormone of the Adrenal Medulla 


The adrenal medulla secretes adrenalin (its other names are epinephrine 
and suprarenin). Chemically it represents the 1-form of methylamino- 
ethanolpyrocatechol. For therapeutic purposes adrenalin is produced syn- 
thetically. 


HO * ~^ —CH(OH)CH:NHCH, 


HO. 
Adrenalin 

The physiological action of adrenalin coincides with the effect produced 
by the excitation of the sympathctic nervous system (sympathomimetic 
action). Thus the hormone accelerates the heart rate, intensifies cardiac 
contractions and constricts the small arteries and arterioles. The blood 
vessels of the heart and brain are an exception: under the influence of 
adrenalin they dilate. Adrenalin raises the blood pressure, slows down the 
contractions of the smooth muscles of the intestinal tract and reduces its 
tone. It causes the pupil to dilate by a contraction of its muscle. The secre- 
tion of the mucous glands in the oral cavity and in the respiratory tracts 
increases, while that of the sudoriferous glands diminishes in most animals. 
The working capacity of the muscles increases. 
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Adrenalin exerts a marked influence on carbohydrate metabolism. The 
liver glycogen breaks up and forms sugar owing to which the content of 
sugar in the blood increases. Not only the formation of sugar in the liver, 
but also its consumption in the tissues is intensified. General metabolism 
and heat production increase. 

Minute amounts of adrenalin (0.01 mg. and less per kg. of body weight) 
injected into the organism suffice to produce all the aforesaid effects. The 
blood normally contains very little adrenalin (1:10" to 1:10%). There is 
less adrenalin in the systemic circulation than in the venous blood, which 
flows away from the adrenals and in the blood of the pulmonary circu- 
lation. This is due to its instability. It easily oxidizes under a weak alkaline 
reaction in the presence of oxygen and yields several oxides. Therefore, 
even during the short interval between the passage of adrenalin from the 
adrenals into the venous blood and the entrance of this portion into the 
arteries a considerable part of the adrenalin becomes oxidized. 

In addition to adrenalin the adrenals contain another substance which 
is close to adrenalin and which acts on the heart and blood vessels in a 
similar way; it is noradrenalin (arterenol)—a demethylated adrenalin. 

Regulation of adrenalin secretion. The adrenal medulla is innervated by 
sympathetic fibres which form part of the splanchnic nerves. M. Chebok- 
sarov in N. Mislavsky’s laboratory and subsequently V. Savich found that 
stimulation of the peripheral end of the splanchnic nerve greatly increased 
the secretion of adrenalin. Contrariwise, a transection of the splanchnic 
nerve discontinues the secretion of adrenalin. This secretion can also be 
provoked by stimulation of the floor of the TV ventricle. The secretory 
activity of the adrenal medulla no doubt also depends on the state of the 
cerebral cortex. Pain stimulations or emotional excitation increase the 
supply of adrenalin to the blood. For example, if the cat becomes excited 
in the presence of the dog, several phenomena (dilation of the pupils. 
acceleration of the heart-beat. erection of the hair) testify to the passege 
of adrenalin into the blood: indeed, blood taken from the vena cava of this cat 
contains more adrenalin (Cannon). Substances acting on the sympathetic 
system, such as nicotine taken in definite doses, augment the secretion of 
adrenalin. One of the substances greatly stimulating the secretion of 
adrenalin is adrenalin itself. This is due to the fact that adrenalin exerts 
an excitatory influence on the sympathetic nervous system, including the 
splanchnic nerve which innervates the adrenals. 


Activity of the Adrenal Cortex 


Removal of both adrenals in an animal kills the animal within a few 
days after the operation, the interval depending on the species of the 
animal, its state and conditions under which it is kept. The death of the 
animal is preceded by a strongly pronounced and progressive state of 
muscular weakness (muscular adynamia). Administration of an adreno- 
cortical extract augments the efficiency of the muscular apparatus of the 
animal and averts its death. Removal of the adrenal medulla alone pro- 
duces no grave consequences. Thus, it is not the secretion of the medulla 
which constitutes the vitally important activity of the adrenals. but rather 
their cortical substance. 

Adrenocortical insufficiency is responsible for disorders of many func- 
tions and metabolic processes. The general symptoms include extreme 
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muscular weakness, sometimes vomiting and diarrhoea and loss of appetite. 
The processes of sugar and fat absorption in the intestines are deranged, 
the heart rate is accelerated and the blood pressure drops. Less urine is 
excreted and the content of nitrogenous products of protein metabolism 
(residual nitrogen, urea) increases. Thermoregulation is disturbed and 
body temperature is lowered. The acid-base balance shifts in the direction 
of acidosis (decrease in the pH and in reserve alkalinity). 

Derangements in the sodium and potassium metabolism, however, are 
chiefly responsible for the disorders of metabolic processes. Removal of 
the adrenals increases the excretion of sodium and chlorides with the 
urine which considerably reduces the content of sodium and chlorides in 
the blood plasma. Contrariwise, the content of potassium in the plasma 
increases owing to its slower excretion with the urine. Under these con- 
ditions passage of potassium into the blood may prove fatal; an increase 
of potassium in the blood plasma to about 60 mg. per cent is toxic. Since 
ordinary food is rich in potassium and poor in sodium, its consumption 
markedly aggravates the condition of an adrenalectomized animal. If, on 
the contrary, such an animal is given potassium-poor food with an addition 
of sodium salts the animal can be kept alive for a long time. 

In man dysfunction of the adrenal cortex complicated by other phenom- 
ena is observed in tuberculosis of the adrenals characterized by muscular 
adynamia and a dark pigmentation of the skin: the disease is therefore 
called bronzed disease or Addison's disease, after the British physician 
who was the first to describe it. 


Hormones of the Adrenal Cortex 


The adrenal cortex elaborates more than twenty different, physiologically 
active substances of a steroid nature. which are designated as cortical hor- 
mones. Of these hormones corticosterone was the first to be obtained in 
a pure form. It is able partly to remove the symptoms of adrenocortical 
insufficiency. One of its derivatives—11-desoxycorticosterone (C,; has no 
atom of oxygen)—strongly influences sodium and water metabolism (it 
retains sodium and water in the organism). Some other derivatives of cor- 
ticosterone (11-desoxy-17-oxycorticosterone, 11-dehydro-17-oxycorticoster- 
one, or cortisone, and others) increase carbohydrate and protein metabolism. 
These hormones improve suyar absorption from the intestines, stimulate 
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formation of glucose al the expense of proteins and increase muscular 
strength. Cortisone (11-dehydro-17-oxycorticosterone) is also efficacious 
against some articular diseases (rheumatoid arthritis). In addition, the 
cortica] hormones may to a certain extent act like the sex hormones. One 
of the adrenal dysfunctions in females is expressed in adrenal virilism, 
marked by a development of certain male secondary sex characters (growth 
of hair on the face, deep voice) and a discontinuance of menstruation. In 
children disturbances in adrenal activity may lead to premature sexual 
development. 


CHAPTER 43 


INTERNAL SECRETION OF THE HYPOPHYSIS, EPIPHYSIS 
AND OTHER GLANDS 


Structure of the Hypophysis 


The hypophysis, or pituitary gland. is situated above the base of the 
brain and is connected with the latter by a funnel infundibulum) which 
passes into a stalk. In man this organ weighs from 0.5 to 0.7 gr. Despite 
its small size, the hypophysis has a very 
complex structure and an extremely varied 
secretory activity. 

The hypophysis consists of four parts: 
the anterior lobe, posterior lobe, pars inter- 
media and pars tuberalis (Fig. 175). The 
anterior lobe is called glandular. In the 
course of embryonic development it arises 
from the buccal epithelium. It consists of 
epithelial cells which are differently stained 
by basic and acid colours (acidophilic, 
basophilic and chromophobic cells). The 
endocrine activity of the anterior lobe of the 
hypophysis is particularly diverse. The 
posterior lobe of the hypophysis or its nerv- Fig. 175. Lobes of hypophysis. 
ous part consists of spindle-shaped cells  } -infundibulum | 2 par nervema 
and cells of neurogliar tissue. It develops 5 aie tilaama echan af ne 
from the central outgrowth of the cerebral #/P edge of rd ventriely of the brain 
vesicle. Pars intermedia is a narrow strip 
consisting of epithelial cells. In front it is separated from the anterior 
lobe by a cleft which is a vestige of the embryonic hollow out- 
growth. Posteriorly it closely adjoins pars nervosa, owing to which the 
secretory activity of these two parts cannot be strictly delimited. The pos- 
terior part of the hypophysis begins from the antcrior lobe; it surrounds 
the hypophyseal stalk ana then spreads to the base of the brain. Histologi- 
cally it differs from the structure of the anterior lobe. 

The hypophysis is richly supplied with blood vessels and nerve fibres. 





Consequences of Hypophysectomy and Hypophyseal Diseases 
Despite the difficulties of surgical access to the hypophysis, the con- 
sequences of its removal and injuries to it (application of a glass ring on 
its stalk by A. Speransky’s method) have been studied on animals. Careful 
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surgical removal of the hypophysis does not kill the animal (A. Bogomolets. 
L. Karlik). Thus, the hypophysis is not an organ indispensable to life. 

The most characteristic consequences of hypophysectomy are: 1) stunted 
growth of young animals (Fig. 177); 2) atrophic modifications of the sex 
glands, sexual underdevelopment in young animals and loss of sexual func- 
tion in adult animals; 3) atrophic changes in the thyroid gland and adrenals; 
4) profound inanition (cachexia); 5) increased urine production (polyuria). 

In man hypophyseal diseases assume 
various forms. Deficient function of the 
hypophysis in childhood results in stunted 
growth, retarded ossification of the carti- 
lages, underdevelopment of the sex organs 
(hypophyseal dwarfism). 

The hypophyseal dwarfs, however, re- 
main well proportioned, their intelligence 
not noticeably affected, which distinguishes 
them (Fig. 176) from thyroid cretins. 

Besides hypofunction of the hypophysis 
responsible for dwarfism. there are also 
cases of its hyperfunction. The latter results 
in giganlism: in these cases individuals grow 
to two and more metres in height (Fig. 176). 
Gigantism is caused by retarded ossifi- 
cation of the long bones of the extremities. 

As a result of this endocrine dysfunction 
in an adult in whom ossification has been 
completed, only the distal parts of the long 
bones of the extremitics (enlargement of 
. . i hands, feet, fingers and toes) and the bones 
Fig, 176. Boys of same age: left of the face (the cheekbones and the lower 
with deficient function, centre 3 s i : 
with normal function und right— Jaw) exhibit renewed growth. This disease, 
with excessive function of hypo- characterized by a pronounced dispropor- 

physis. tion of different parts of the body and even 
of the internal organs, is called acromegaly. 

Other hypophyseal dysfunction is expressed in profound inanition 
(hypophyseal cachexia) and diabetes insipidus. In the latter case much less 
water is reabsorbed from the primary urine in the kidneys and enormous 
amounts of urine containing but little solids are excreted. This entails 
unquenchable thirst. 





Hormones of the Anterior Lobe of the Hypophysis 


It has been possible to obtain a number of hormones from the anterior 
lobe of the hypophysis. Some of them, obtained in a pure form, have 
been thoroughly investigated as regards their chemical nature and physio- 
logical activity. 

The growth hormone. The growth hormone has been obtained in a 
crystalline form. It is a protein body with a molecular weight between 
44,000 and 49,000. A daily administration of 0.1 mg. of this hormone to the 
young hypophysectomized rat (10 injections of 0.01 mg. each) results in a 
10-gr. increasc in weight. The hormone also affects the growth of the 
epiphyseal cartilages. Regular administration of the hormone to young 
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animals produces giganlism. Systematic injections of the hormone into 
grown-up dogs of certain breeds makes it possible experimentally to induce 
acromegaly in them. Insufficiency of this hormone in man leads to dwarf- 
ism, while its excess results in gigantism or acromegaly. 

Gonadotropic hormones. The gonadotropic hormones are elaborated in 
the basophile cells of the anterior lobe of the hypophysis; chemically they 
are glucoproteids; they also contain glucosamine and mannose. Two of 
these hormones have been thoroughly investigated. One of them stimulates 
the growth and maturation of follicles in female animals, while in male 
animals it stimulates the formation 
of sperm. The other hormone affects 
the interstitial elements of the ovaries 
and is called the luteinizing hormone. 
It stimulates the formation of the cor- 
pus luteum, which in its turn pro- 
duces progesterone (p. 446); in males 
it stimulates the development of Ley- 





dig’s cells in the testes. as well as 

the secretion of male sex hormones i l 

by these cells. Te E 789 WN fe 
Since these hormones are secreted Months 


by the anterior lobe of the hypo- Fig. Uo Tnerease in vody weight) during 
physis, its extracts, introduced into period growth in ne normal (/) and 
the organism of sexually mature ani- hypophyscetomized pups (2 andl 3) of 
mals, can increase the activily of the mane fitter (after J. Karlik), 

sex glands (in [emales, ovulation 

accompanicd by heat; in males. spermatogenesis). In sexually immature 
animals the administration of hypophyseal extracts stimulates precocious 
sexuality. 

This underlies certain practical measures in the field of pisciculture 
(N. Gerbilsky). Hypophyseal injections (injections of suspensions of the 
hypophysis ground in water) to male and [emale fishes of the Ganoidei 
order expedite maturation and increase the numbers of mature sperma- 
tozoa and spawns capable of fertilization and of further development. 

Hormones influencing the activity of other endocrine glands. In addition 
to the hormones acting upon the sex glands, the anterior lobe of the hypo- 
physis elaborates hormones which stimulate the activity of the thyroid 
gland (thyrotropic hormone) and the adrenal cortex (adrenocorticotropic 
hormone). 

The thyrotropic hormone stimulates the growth of the thyroid secretory 
cells and intensifies their activity. This gives rise to symptoms typical of 
thyroid hyperfunction. Excessive secretion of the thyrotropic hormone 
leads to exophthalmos. 

Insufficient elaboration of the adrenocorticotropic hormone results in 
atrophy of the adrenals. Administration of this hormone restores the 
adrenals. 

All the aforesaid hormones are of a protein nature. 

The mammotropic hormone. The mammotropic hormone, or prolactin, 
intensifies the secretion of milk by the mammary glands. Lack of this 
hormone in the blood (for example, as a result. of hypophysectomy) stops 
lactation. Administration of prolactin may evoke lactation even in males. 
Prolactin is sometimes administered for the purpose of increasing the out- 
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pul of milk in nursing mothers. Like other hormones of the hypophysis, 
prolactin is of a protein nature. Since strong chemical influences are 
brought to bear in the process of separation of the six investigated 
hormones of the hypophyseal anterior lobe, it is possible that the above- 
mentioned hormones are fragments of a lesser number of substances which 
constitute the source of hormone production. This conclusion is prompted 
by the fact that only two kinds of cells (acidophilic and basophilic) are, 
apparently, capable of secretory activity. 

Hormones influencing carbohydrate and fat metabolism. Administration 
of extracts from the anterior lobe of the hypophysis leads to hyperglycemia, 
glucosuria, increase in acetone bodies in the tissues and their elimination 
with the urine. This action is called diabetogenic and is accounted for by 
the existence of a hormone which influences the metabolism of fatty acids. 
Recent investigations indicate that some of the aforesaid influences on the 
metabolic processes may be due to the action of the growth hormone. This 
hormone stimulates storage of protein bodies by decreasing their dis- 
integration and by drawing carbohydrates and fats into metabolism in a 
compensatory way which in turn leads to accumulation of acetone bodies. 


Hormones of the Posterior Lobe of the Hypophysis 


Extracts from the posterior lobe of the hypophysis and the medical prep- 
aration “pituitrin,” obtained from them, also exert a multiform influence 
on the organism. Firstly, the blood pressure rises due to the constriction 
of the arterioles and capillaries; secondly, the introduction of pituitrin 
stimulates contractions of the smooth muscles, particularly the muscles 
of the uterus; thirdly, the excretion of chlorides by the kidneys increases 
while diuresis diminishes. 

The influence of the posterior lobe of the hypophysis on the blood pres- 
sure and on the smooth muscles is connected with the formation of two 
hormones. The hormone which raises the blood pressure by constricting 
the blood vessels is known as vasopressin (also pitressin, and beta-hypo- 
phamine). This constrictive action affects even the denervated vessels. The 
hormone which stimulates the contraction of the uterus is called oxytocin 
(also pitocin and alpha-hypophamine). Both hormones are polypeptides 
with a molecular weight of about 1,000. Pituitrin and oxytocin are widely 
used after parturition when it is necessary to induce a sufficiently vigorous 
contraction of the uterus in order to expel the placenta and stop the 
uterine haemorrhage. 

The hormone which influences the excretion of urine is called the 
antidiuretic hormone. It stimulates reabsorption of water from the primary 
urine when the latter passes down the renal tubules. Removal of the 
posterior lobe of the hypophysis leads to the excretion of tremendous 
quantities of urine by the kidneys, i.e., to polyuria. The same effect is 
observed when the nervous connections between the brain and the anterior 
lobe of the hypophysis are impaired. 

It should be pointed out that hypophysectomy does not entail polyuria; 
thus, the exclusion of the function of the posterior lobe manifests itself 
only in the presence of the hypophyseal anterior lobe. 

In diabetes insipidus, a disease characterized by acute polyuria, ad- 
ministration of extracts from the posterior lobe of the hypophysis reduces 
urine excretion. 
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Hormone of Pars Intermedia of the Hypophysis 


This hormone, called the melanophorine hormone (or intermedine) affects 
the pigmental cells of the skin. The action of this hormone has been studied 
on amphibians and fishes. Under its action the melanophore cells dilate 
and the pigmental granules in these cells are more evenly distributed. As 
a result, the skin of the animal darkens. 

Modifications in the state of the pigmental cells may be caused by 
illumination of the retina of the eye. Thus, the secretion of the melano- 
phorine hormone takes place reflexly, in response to the stimulation of 
the animal's visual apparatus. This mechanism is of essential defensive 
significance, since pigmentation of the skin changes so much thal the colour 
of the animal approximates that of the surrounding medium and the animal 
becomes less perceptible to its cnemics. 


Regulation of Hypophyseal Activity 


The hypophysis is connected through its stalk with the hypothalamic re- 
gion of the brain by nervous pathways. It is innervated by the superior 
cervical sympathetic ganglion. Impairment of the nervous connections 
affects the function of the hypophysis. 

The influence of the superior cervical sympathetic ganglia on the func- 
tion of the hypophysis is well illustrated by the facts observed by A. Ton- 
kikh. Dogs and cals whose superior cervical sympathetic ganglia are stimu- 
lated (by squashing with pincers) die of pneumonia within three or four 
days, the pneumonia apparently caused by an excessive supply of certain 
hormones to the blood. If the hypophysis is removed before the ganglia are 
squashed pneumonia docs not develop. Thus, the endocrine activity of the 
hypophysis is under constant control of the nervous system. The reflex 
influence of the retina of the eye on the secretion of the melanophorine 
hormone has also been convincingly proved. The secretion of gonadotropic 
hormones in some animals is likewise evoked reflexly from the retina 
of the cye: they develop heat only in the period when the days grow 
longer. 

K. Bykov and his associates have demonstrated the possibility of elabo- 
rating a conditioned reflex which leads to the secretion of the hormone 
influencing the formation of urine by the kidneys (p. 405). 

The blood is not the only medium through which the hypophyseal hor- 
mones act on the organism. It is possible that certain hormones act upon the 
central nervous system by diffusing through the stalk of the hypophysis, or 
through the spinal fuid. 


Sex Glands 


(The internal secretion of the sex glands is treated in the next part.) 


Epiphysis 
The epiphysis (pineal body) is a small body situated above the corpora 
quadrigemina. The endocrine activity of the epiphysis is believed to inhibit 
the development of the sex glands. Removal of this gland in sexually im- 
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mature cocks leads to precocious sexual maturity. No such effect could be 
discovered in mammals, however; nor was it possible to obtain any hor- 
mones from the epiphyseal tissue. 


Thymus 


The thymus is located in the anterior mediastinal cavity. This gland is 
believed to function in early childhood, before puberty, its hormone inhib- 
iting the development of the sex glands. The role of this gland is not 
exactly known as yet. Towards puberty the thymus degenerates. 

In some cases the thymus persists into adult life. This is accompanied by 
an enlargement of the lymphalic glands. This state is designated as status 
thymicolymphaticus. 


CHAPTER 44 
REGULATION OF ENDOCRINE ACTIVITY 


Nervous Regulation of Endocrine Activity 


As before stated. the activity of all endocrine glands is under constant 
control of the nervous system. In some cases an endocrine organ develops 
by differentiation of nervous tissue. The posterior part of the hypophysis 
is formed from the floor of the third ventricle. The specialized cells of this 
part—the pituicytes—are modified neurogliar cells. In addition to chrom- 
affin cells the adrenal medulla contains ganglionic sympathetic cells. The 
action of adrenalin on various systems of the organism is similar to that 
of the sympathctic elements of the nervous system. Here the nervous and 
endocrine influences are so interwoven that one seems to continue the 
other. The activity of all other endocrine glands, however, is also stimu- 
lated or inhibited by the nervous system. Facts to this effect have already 
been cited. In some cases the secretion is influenced by reflexes caused by 
the stimulation of certain receptor zones. Reflex stimulation of the seere- 
tion of the hypophyseal gonadotropic hormone, which evokes ovulation 
(maturation of the ovum and of the entire graafian follicle), is an example. 
In some animals this process takes place after winter when the days are 
longer. It appears that natural light can be replaced by artificial light. The 
secretion of this hypophyseal hormone is stimulated reflexly from the 
retina of the eye. Blind animals prove incapable of reproduction. In rabbits 
no ovulation takes place until the secretion of the gonadotropic hormone is 
reflexly stimulated by coitus. 

As before stated, it is possible to elaborate a conditioned reflex which 
leads to the secretion of a hormone influencing urine formation in the kid- 
neys. In this case the nervous influence is consummated humorally. There 
are reverse relationships as well. It has been demonstrated that secretin, 
the hormone of the digestive tract, affects the exocrine elements of the 
pancreas through the nerve endings lining the glandular lobules of the 
gland. 


Relationships between the Endocrine Glands 


The organic connections between the nervous and endocrine systems 
integrate them and ensure the so-called neurohumoral regulation of the 
functions of the organism. 
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The relationships within this system are complicated by the fact that 
the activity of various endocrine glands is interconnected. The stimulating 
action of certain hypophyseal hormones on the hormone production of the 
sex glands, adrenals and thyroid has already been described. The thyro- 
tropic hormone is indispensable to the thyroid during the conversion of 
diiodotyrosine into thyroxin. In some cases one hormone stimulates the 
action of another hormone, i.e., there is a synergism of hormones. The 
joint activity of the thyroid hormone and the hypophyseal growth hormone 
is an example; the former stimulates metamorphosis and bodily develop- 
ment, while the latter stimulates the growth proper. The diabetogenic 
action of the hormone of the hypophyseal anterior lobe (accumulation of 
ketone bodies, hyperglycemia) similarly involves the hormones of the 
adrenal cortex. 

Contrariwise, some hormones inhibit the action of other hormones. 
For example, the hormones of the anterior lobe of the hypophysis and the 
adrenal cortex reduce the sensitivity of the organism to insulin. Steroid sex 
hormones curtail the secretion of thyrotropic and gonadotropic hormones 
by the anterior lobe of the hypophysis. Castration, i.e., removal of the sex 
glands, results in a development of the basophilic cells which secrete gona- 
dotropic hormones. The sex hormones are, apparently, antagonists of the 
growth hormone secreted by the hypophysis. The secretion of the growth 
hormone persists even in adult. animals, though the animals cease growing. 
It is believed that the sex hormones exert antagonistic influences. 

Human pathology knows a number of diseases caused by functional dis- 
turbances in more than one endocrine gland. For example, diabetes is 
usually caused not only by the deficiency of the island apparatus of the 
pancreas, but by disturbances in the function of the hypophysis, and some- 
times of the adrenal cortex. In hyperthyroidism exophthalmos usually 
results from an excessive output of the thyrotropic hormone, etc. 

Thus, the functions and metabolism of the organism are not regulated 
humorally by autonomous action of individual endocrine glands, but by 
their entire interconnected system under the contro] of the nervous system. 
The latter, playing a leading role in the regulation, ensures an adaptive 
readjustment of the functions and metabolism of the organism in response 
to the action of agents of the external and internal environment. 


PART 


XI 


FUNCTIONS OF THE SEX GLANDS AND REPRODUCTION 


CHAPTER 45 


FUNCTION OF THE SEX GLANDS 


Castration and Transplantation of Sex Glands 


The influence of castration on the entire organism has been known since 
early antiquity, when castration was used for improving draught animals 
and fattening of cattle. It was definitely established only in the middle of las! 
century, however, that the marked influence of the sex glands on the phy- 





Fig. 178. Left row (top to bottom): normal 

cock, castrated cock, castrated cock after 

engrafting of ovaries. Right row (top to 

bottom): normal hen, castrated hon, castrat- 

ed hon after engrafting of testes (aftor 
M. Zavadovsky). 
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sique, the growth of hair and the be- 
haviour, was determined by certain 
substances, elaborated by the testes 
and ovaries, entering the blood. 
Transplantation of sex glands to 
a castrated animal develops in this 
animal the secondary sexual char- 
acters inherent in the sex from 
which these glands were taken, the 
former secondary sexual characters 
often undergoing substantial 
changes. For example, if the scx 
glands of the cock are grafted in 
the castrated hen the latter de- 
velops a characteristic cock’s comb, 
and a carriage typical of the 
cock (Fig. 178). The behaviour of 
such a masculinized hen resembles 
that of the cock (aggressiveness, 
attempts at covering hens, etc.). 
Contrariwise, transplantation of 
hen’s ovaries to the castrated cock 
develops the traits of the hen in it. 
If ovaries are grafted in the cas- 
trated mammal the latter develops 
certain female traits (growth of the 
mammary glands, changes in the 
distribution of subcutaneous fat 
and other feminine characters). It 
follows that the so-called secondary 
sexual characters aredetermined by 


the supply of one or several hormones from the sex glands to the blood and 
by their action (through the nervous system) on metabolism and on the 
formation of the morphological sexual characters. 

The secondary sexual characters include all the morphological and func- 
tional peculiarities which distinguish one sex from the other (except 
the peculiarities of the organs directly involved in reproduction and 
known as the primary sexual characters). The most essential human 
secondary sexual characters include: 1) peculiarities in the structure of 
the male and female skeletons (these are treated in detail in courses of 
anatomy); 2) higher average muscularity of the male; 3) specific distri- 
bution of the hair over the body; 4) development of the mammary glands 
in the female; 5) differences in the timbre of the voice. 

The sex organs belong to the primary sexual characters. Their develop- 
ment is also influenced by the sex glands. In the male castrated before 
sexual maturity the penis, seminal vesicles, Cowper’s gland and the pros- 
tate are underdeveloped; in the castrated female it is the clitoris, vagina, 
uterus, and Bartholin’s glands which are underdeveloped. Transplantation 
of sex glands to castrated animals, or injection of corresponding hormones 
(see below) cause the underdeveloped sex organs to develop normally. 

The mechanism which governs the influence of sex hormones on the 
development of sexual characters is not clear as yet; still less is known 
about the influence of these hormones on other aspects of the organism's 
activity. It can only be said that the removal of the sex glands results in 
certain changes in general metabolism which slightly decreases: the type 
of metabolism alters and fat accumulates. The available data relating to 
the influence of castration on the chemism of the blood and on the muscular 
and nervous systems are contradictory. The statements concerning a 
decrease in muscular strength as a result of castration are refuted by the 
age-old experience in utilizing castrated males as draught animals in 
agriculture. Convincing experiments carried out by M. Petrova show that 
disturbances in the higher nervous activity may develop in dogs after 
castralion. These disturbances manifest themselves in a weakening of the 
inhibitory process and in chaotic responses of the animal to the action of 
signal stimuli. 


Development of Male Sex Cells (Spermatozoa) and Formation 
of Sperm 


The formation and development of spermatozoa, the male sex cells, 
take place in the seminal tubules of the male sex gland (testis, see 
Fig. 179). An immature sex gland contains cells having large nuclei— 
spermatogonia, from which at puberty motile cells—spermatozoa—begin 
to develop. As the spermatozoa develop, motionless cells, so-called cells 
of Sertoli, are formed; it is supposed that their function is to nourish the 
spermatozoa. 

The specific feature of the spermatozoa is their ability to move inde- 
pendently, which is made possible by the contractile elements in their 
tails and is stimulated by various substances in the surrounding medium. 
An important role in this respect is played by the carbohydrates in the 
fluid surrounding the spermatozoa (for example, fructose in the secretion 
of the prostate gland). Spermatozoa can also move in a medium contain- 
ing no oxygen becausc of the energy derived from glycolytic reactions. 
The secretion of the prostate is, apparently, of the greatest importance 
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in stimulating the movements of the spermatozoa. On entering the vas 
deferens the spermatozoa move forward and are stored in the seminal 
tubules up to the moment of copulation. Contractions of the seminal 
vesicles propel the fluid secreted by these vesicles into the urinogenital 
canal—the urethra. Here the secretions of the seminal vesicles and of the 
prostate gland are joined by the secretion of Cowper's gland located in 
the cavernous part of the urethra. Thus, the sperm ejaculated during copula- 
tion represents a secretion of all the aforesaid glands in which an 
enormous number of spermatozoa are suspended. In man the number of 
spermatozoa ejaculated during one 
sexual act exceeds 200 million, of 
which only one usually fertilizes 
the ovum. 

It has now been found that the 
ovum can be simultaneously ferti- 
lized by many spermatozoa. Sub- 
stantial modifications of the heredi- 
tary properties of the embryo are 
therefore possible. Many spermato- 
zoa become implanted in the tissue 
of the female sex organs (details 
will be found below). 


The male sex glands develop in the 
abdominal cavity of the cmbryo and 
descend into the scrotum only at a later 
foetal period, This process is closely 
Bie eae Pes es connected with the changed environmen- 
a Cae tal conditions which are important to the 
Fig. 179. Diagrammatic seetion of portion Ai Gr a a Ghen he elec tall 

of the rat's seminiferous tubule. to descend into ihe scrotum (so-called 
cryptorchidism). 

In cryptorchidism the testes located in the abdominal cavity are subjected to a 
constant influence of high temperature which retards the development of the seminal 
tubules, Experimental investigations of animals show that an increase in the tem- 
perature of the testes suppresses spermatogenesis, The same phenomenon is observed 
in fevers. 





Spermatogenesis is regulated through the hypophyseal hormones (see 
below). Removal of the hypophysis Jeads to a sharp decrease in spermato- 
genesis. Administration of hypophyseal gonadotropic hormones to hypo- 
physectomized animals intensifies spermatogenesis. 

The nervous influences on spermatogenesis arc not clear as yet, though 
certain modifications of spermatogenesis undoubtedly produced reflexly 
(probably through reflex influences on other endocrine glands) are known. 
These include the modifications of spermatogenesis under changed con- 
ditions of lighting and temperature in the external environment. 


Internal Secretion of the Male Sex Glands 


Testosterone, the male sex hormone, is a specific stimulator of the devel- 
opment of the sex organs and of secondary sexual characters in the male 
organism. In a growing male the presence of testosterone in the blood at 
puberty is a sine qua non for the emergence of the sexual instinct and the 
induction of erection without which the sexual act is impossible. 
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Similar effects may be produced by certain metabolites of testosterone 
and related chemical compounds. This is why all substances (including 
testosterone) capable of stimulating the development of secondary male 
sexual characters are covered by a common name—androgens. 

Unit of male sexual hormone. The concentration of testosterone, or other 
androgens, may be disclosed and quantitatively estimated by using the 
action of these substances (and, consequently, of the products which 
contain them, i.e., the blood, urine, testicular extracts, etc.) on various 
biological objects; castrated cocks and castrated male mice are most suit- 
able for this purpose. The most characteristic index of the administration 
of androgens to cocks is the growth of the comb. The unit of the male sex 
hormone (the “cock’s unit”) is the minimum dose required to make the 
comb grow by 15 per cent after four days’ injections. The growth of the 
seminal vesicles resulting from the administration of testosterones or other 
androgens serves as the criterion for estimating the activity of the hormone 
in castrated male mice. 

Structure and transformations of the male sex hormone. In their struc- 
ture the male sex hormones are close to those of the female. Androste- 
rone, a less active substance excreted with the urine, is also related 10 
testosterone. The testosterone, elaborated in the testes, is continuously 
converted in the organism into androsterone. Injection of large doses of 
testosterone into man or chimpanzee increases excretion of androsterone 
with the urine. The liver plays an important role in inactivating testo- 
sterone; vitamin B deficiency reduces the ability of the liver to inactivate 
the androgens. 
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Site of male sex hormone formation. Testosterone, the male sex hor- 
mone, and androsterone, its metabolite isolated from the urine, are 
elaborated in the testes, the bulk of the hormones being secreted by the 
so-called Leydig’s interstitial cells. This is indicated by a number of facts. 
For example, in cryptorchidism the seminal tubules are underdeveloped, 
while the interstitial cells are developed normally. The accessory glands 
and the secondary sexual characters are also normally developed. 
It follows that adequate quantities of androgens are elaborated in this 
state. 

Histochemical investigations using the phenylhydrazine test also show 
that testosterone is formed in the interstitial cells. Very active androgens 
are also formed in the adrenal cortex. 

Significance of the male sex hormone. All male sexual characters develop 
under the influence of the male sex hormone (distribution of hair, mas- 
culine type of the skeleton and fat accumulation, pitch of the voice, 
development of the penis, the prostate and the seminal vesicles). 
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It should be emphasized that action of the male sex hormone on the 
organism is connected with the activity of the central nervous system, 
particularly the cerebral cortex, its higher division. Secretion of the sex 
hormone puts the central nervous system in a state which under the 
action of definite, so-called ccologo-sexual factors of the external environ- 
ment (see page 449) manifests itself in sexual excitement. Various agents 
coinciding in time with this excitement become conditioned stimuli which 
evoke conditioned reflexes connected with the sexual function and sexual 
behaviour. These conditioned reflexes play an important role in the for- 
mation of the reproductive functions of the male organism. Their role 
is also revealed in the fact that the ability for coition may persist for a 
long time even after castration, if the latter was performed after puberty. 


Physiology of the Ovaries 


Cyclically recurring morphological and functional modifications are 
observed in the ovaries from puberty to the extinction of the sexual 
function (climacteric). These modifications are connected with consider- 
able changes in other tissues and organs, and in the entire behaviour 
of the organism, and are known as sexual cycles. 

The course of these sexual cycles is determined by the periodic matura- 
tion of ovarian follicles which in all mammals (except man and simians) 
is called the oestrous cycle (oestrus meaning “heat”™). In primates and 
man the sexual cycles are called menstrual, since menstruation is the 
most pronounced external characteristic of this cycle. The menstrual 
cycles also reflect the functional modifications in the ovaries, but differ 
from the oestrous cycles by more complex alterations in the uterus and 
other organs. 

The ovary of an adult woman consists of the germinal epithelium 
which invests it and of the cortical and medullary substance. The cortical 
layer of the ovary contains a large number of follicles at different stages 
of development (Fig. 180). The bulk of the follicles are at the stage of 
the so-called primordial follicle consisting of an ovocyte, egg cell, sur- 
rounded by epithelial follicular cells. The transformation of these 
primordial follicles into mature, or graafian follicles, is accompanied by 
a growth of the ovocyte. The follicular cells surrounding such a maturing 
ovocyte proliferate forming a follicular membrane or granulosa. The 
connective tissue surrounding the primordial follicle forms a connective- 
tissue membrane or theca folliculi divided into the external and internal 
membranes and richly supplied with blood vessels. The maturing follicle 
fills with fluid and projects from the surface of the ovary (into the 
abdominal cavity). 

In the mature graafian follicle (Fig. 180), which is a macroscopically vis- 
ible structure (about 2mm. in diameter), the ovum is located on a special 
epithelial prominence and is surrounded by a heap of granulosa cells 
(corona radiata) together with which the ovum is discharged into the ab- 
dominal cavity after the rupture of the follicle. 

The phase of follicular maturation terminates by the rupture of the 
follicle which is accompanied by the discharge of the ovum into the ab- 
dominal cavity. This process is called ovulation. The immediate causes 
which stimulate the rupture of the follicle are: action of proteolytic en- 
zymes contained in the liquor folliculi on the follicular membrane; dila- 
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lion and increased permeability of the blood vessels in this connective- 
tissue membrane of the follicle; perspiration of the fluid and increased 
pressure in the liquor folliculi. Upon its discharge into the abdominal 
cavity, the released ovum is directed first to the fimbriated end of the 
fallopian tube and then into the tube itself. 

After the discharge of the ovum the remaining portions of the graafian 
follicle change into the corpus luteum, a temporary functioning gland of 
internal secretion. 

The following four stages are distinguished in the development of the 
corpus luteum: 1) growth, 2) glandular transformation, 3) maximum de- 
velopment, and 4) degeneration. 





Fig. 180. Diagrammatic section of Che guinen-pig’s ovary. 
E -blood vessels; 2, 5. 4) 9. G- primary follicles at diferent stages of development; 7 grants 
follivle: 5- mature praction follicle; & ovum eurroundod by pranulosa; (0 -eavity of mature 
yruifiun fehele; 77 nnd 42 --corpora lutea ut various stages of development: 73 and J - 
tretie, follicles, 


The first stage is characterized by a haemorrhage into the cavity of the 
ruptured graafian follicle and by simultaneous hypertrophy of the epi- 
thelial membrane. The second stage is marked by a vascularization of the 
clot of blood formed as a result of the rupture of the follicle during ovu- 
lation and by a transformation (metaplasia) of the epithelial cells contain- 
ing yellow granules—a substance called lutein (hence the term “corpus 
luteum”). Such is the appearance of the corpus luteum in the third stage 
of its development, i.e., its maximum development, when it discharges 
its main hormonal function (Fig. 180). The fourth stage is characterized 
by a fatty degeneration of the luteal cells and a degeneration of the con- 
nective-tissue membranes. The corpus albicans, a conncctive-tissue scar 
formed in place of the corpus luteum, gradually resolves in the course 
of about five years. 

If the ovum discharged into the abdominal cavity passes into the fal- 
lopian tubes and is not fertilized, the corpus luteum, as an endocrine gland, 
does not persist for more than 14 to 18 days during which time it goes 
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through all the aforesaid stages of development. If the ovum has been im- 
pregnated, the corpus luteum becomes the corpus luteum of pregnancy, a 
structure considerably larger in size and functioning for several months. 

Some follicles do not mature and degenerate at different stages. This 
process known as atresia takes place before puberty, all through sexual 
maturity and during pregnancy. 

In old age the foregoing processes, i.e., formation of graafian follicles 
and ovulation, gradually cease. 

Menstruation. It is assumed that normally ovulation (the rupture of the 
follicle, the passage of the ovum into the abdominal cavity and from there 
into the fallopian tube) takes place 13 to 15 days (an average of 14 days) 
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Fig. 181. Diagram of changes in uterus aud ovaries during menstrual 
eyele (after Cnggers, with changes). 
C. alb - corpus albicans. 


before each period of menstruation. With the most frequent cycle (28 days) 
this corresponds to the midpoint of the intermenstrual period. The follicle 
matures in the first half of the intermenstruum; the corpus luteum forms 
and grows in the second half and (in absence of pregnancy) degenerates 
towards or during menstruation (Fig. 181). 

This cycle developing in the ovary is accompanied by characteristic 
modifications of the mucous membrane of the uterus (endometrium). 
After menstruation the uterine mucosa becomes thin and little vascu- 
larized. During follicular maturation it grows progressively thicker and 
its glands longer, though the latter do not secrete. This is the so-called 
proliferation phase. After ovulation the glands of the uterine mucosa 
grow larger and begin to secrete, while their ducts become convoluted. 
This is the so-called secretion phase (approximately 10 to 12 days before 
menstruation). 
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Menstruation, i.e., the flow of blood from the uterine mucosa, only ter- 
minates a series of changes which are determined primarily by the cycli- 
cal modifications in the ovary. From 50 to 200ml. of blood are discharged 
during menstruation, the blood being almost noncoagulable, with high 
concentration of oestrogenic hormones (see below) and containing mucus. 
Menstruation is not always connected with the preceding ovulation. There 
are cases of menstruation without ovulation, for example, the first few 
menstruations in girls and the menstruation at the beginning of lactation 
after childbirth. 





Fig. 182. Microscopy of vaginal smears during oestral cycle in mice. 
a. oestral siage; b—post-oestral stage; ¢ —-inter-ovstral stage; d—-pre-oustral stag 


The entrance of ovarian hormones into the blood (see below) is indis- 
pensable for the onset of menstruation. 

The period of menstruation is usually accompanied by changes in the 
entire organism: enlargement of the thyroid, apparently increased supply 
of thyroxin to the blood, modifications of the state of the nervous system, 
certain (slight) alterations in metabolism, pulse rate and stroke volume 
of the heart. 

The oestrus cycle and heat. The sexual cycles in all animals, except 
primates, are called oestrus cycles. In rats and mice all changes taking 
place during these cycles serve as criteria for the detection of active sub- 
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stances—hormones—in the interna] organs, blood and urine. In rodents 
(rats and mice) the sexual cycle consists of the following stages (Fig. 182): 


1. Dioestrus (sexual quiescence); lasts 1. The follicles and the uterus are small- 
from 54 to 60 hours sized, the latter is poor in blood. The 
vaginal epithelium is thin 
. The ovary contains mature follicles. 
The uterus swells. The vaginal epi- 
thelium grows thicker 
3. Oestrus; lasts from 24 to 30 hours 3. The gpraafian follicles are ruptured; the 
uterine mucosa is thickened to the 
maximum, A layer of cornified cells 
appears in the vagina. The female al- 
lows the malc to approach it 
4. Metaoestrus: lasts six hours. 4. Corpora lutea are observed in the 
ovary; the uterus and the vaginal epi- 
thelium prow thinner. 


bw 


2. Praeoestrus: lasts 12 hours 


In rats and mice this entire cycle repeats rhythmically every four to 
five days and is shown in the characteristic changes in the vaginal smears 
(Fig. 182). The oestrous cycle in rodents is distinguished by the fact that 
the corpora lutea. which are formed during this cycle, do not function 
without preliminary mating. In rodents mating, even without subsequent 
impregnation (for example. with a male whose seminal ducts have been 
ligated), causes the corpora lutea to function and results in so-called pseu- 
dopregnancy. The latter is due to a reflex mechanism. A mechanical or 
electrical stimulation of the cervix of the uterus in mice and rats produces 
pseudopregnancy. 

In many mammals (cows. dogs, cte.) the sexual cycle consists of the proliferation 
phase, during which the follicle matures, and the sceretion phase which corresponds 
to the period of development of the corpus luteum. As a rule, ovulation in mammals 
coincides with the period of heat. In man and simians ovulation occurs approximately 
in the middle of the intermenstrual period. Hence the difference between heat and 
menstruation: the former corresponds to ovulation, i.c., appears al the height of the 
process which develops in the ovary, while the latter actually terminates the entire 
cycle, emerging, as before stated, alter the function of the corpus luteum has been 
extinguished and docs not coincide in time with ovulation, 


Ovarian Hormones 


The development of the sex organs and of the secondary sexual char- 
aciers in a female organism is possible only when the hormone, elabo- 
rated in the ovaries, enters the blood. The peculiar effect of this hormone 
has first been established on castrated females in which an injection of 
liquids containing this hormone produces the oestrus. The least amount 
of the female sex hormone which is sufficient to cause oestrus in a spayed 
mouse has been termed a mouse unit (MU). By its nature the female sex 
hormone is a compound which is close to cholesterine, i.e., belongs to the 
class of sterones which includes all other sex hormones. Owing to its abil- 
ity to induce oestrus this hormone is called oestrogenic. It has now been 
established that the follicles of the ovary elaborate oestradiol which is the 
most active of all natural oestrogens. In other tissues oestradiol is con- 
verted into oestrone and into less active oestriol. In subcutaneous injec- 
tion oestradiol is almost 100 times as active as oestriol. Besides the ovary, 
ocstradiol is elaborated in the placenta; large quantities of it are contained 
in the urine of pregnant women. The content of free oestrogens in the urine 
increases before ovulation. menstruation and delivery. 
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The concentration of oestrogens is particularly high in the liquor folli- 
culi before ovulation and in the menstrual excretions. Preparations of the 
female sex hormone are often called folliculin. 

Action of oestrogens. Normally the injection of oestrogens produces no 
distinct changes in the woman's organism, bul alter removal of the ovaries 
(inevitable, for example, in cases of tumours) the injection of this hormone 
in combination with the hormone of the corpus luteum (see below) some- 
times makes it possible to some extent to recover the lost sexual cycle 
and to safeguard the operated woman against the symptoms of castration 
(it will be observed, however, that castration of a mature woman does not 
always rapidly modify the traits characterizing the female organism). Man- 
ifestations of infantilism (sexual underdevelopment) can, apparently, 
also be eliminated with the help of this hormone. Oestrogens find also ex- 
tensive application in gynaecological practice. 

Repeated injections of large doses of oestrogens into the organism of 
males may feminize them. In castrated males this feminization (growth 
of the mammary glands and changed behaviour towards animals of the 
opposite sex) manifests itself even after injections of relatively small doses 
of this hormone. 

Hormone of the corpus luteum. The characteristic changes, which take 
place in the uterine mucosa during the secretory period of the sexual 
cycle, the discontinuance of ovulation and the development of the mam- 
mary glands during pregnancy, i.e., the changes which occur during the 
growth of the corpus luteum, have given rise to the supposition that the 
latter possesses a secretory function. This supposition was substantiated 
by the fact that in rabbits in whom ovulation results only from sexual 
intercourse the latter causes pseudopregnancy even in the absence of 
impregnation. The corpus luteum develops, the mammary glands become 
enlarged and the uterine mucosa modified. The hormone of the corpus 
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luteum was isolated in a pure form and called progesterone (evoking pre- 
pravidity) or progestin. Chemically this substance also belongs to sterones 
and is close to oestrogens. 


From the fourth month of pregnancy the hormone of the corpus luteum is 
elaborated in women in the placenta, while the corpus luteum of the ovary under- 
goes involution. By virtuc of this pregnancy in women will proceed normally from 
the fourth month even if both ovaries are removed, which is inevitable, for example, 
if they develop tumours. In rabbits the corpus luteum and its endocrine function are 
retained almost to the end of pregnancy, the placenta producing no progesterone. This 
is why the removal of the corpora lutea (or ovaries) always terminates pregnancy in 
them. 


The action of progesterone is highly diverse—it ensures the growth 
of the fertilized ovum and stimulates the development of pregnancy. Here 
are some aspects of ils action upon the female organism. 

By exerting an influence on the uterus, progesterone determines the 
secretory activity of its glands (secretion phase). This modification of the 
uterine mucosa, its “loosening” by the ramifying glandular ducts, is nec- 
essary to cnable the fertilized ovum, after its passage from the fallopian 
tubes into the uterus, to attach itself to the uterine wall. Thus the action 
of progesterone prepares the uterinc mucosa for the attachment of the 
fertilized ovum and makes it possible to convert the uterine mucosa into 
a decidual membrane. 

Progesterone influences the gonadotropic secretion of the hypophysis 
(page 430), and the state of the nervous system through the nervous centres 
of the hypothalamic region: it reduces the excitability of the muscular 
elements of the uterus and ensures the immobility of its walls; together 
with other hormones it stimulates the hypertrophy of the mammary glands 
(page 431). The hormone of the corpus luteum inhibits ovulation, stimulates 
the passage of the ovum through the fallopian tube and helps to preserve 
the viability of the ovum and its nutrition until it is firmly attached to the 
wall of the uterus. 

Progesterone is determined biologically by its capacity to modify the 
uterine mucosa in a young sexually mature rabbit. One mg. of the chem- 
ically pure preparation contains enough hormone to elicit secretory 
changes in the rabbit’s endometrium for a period of five days. The hor- 
mone is also effective when applied dircctly to the uterine mucosa. 


Mechanisms Regulating the Activity of the Sex Glands 


The physiological mechanisms which determine the activity of the 
sex glands in the male and female organisms largely depend on complex 
nervous influences exerted through the higher divisions of the central 
nervous system on the hormonal function of the hypophysis. 

It has now been established that there are numerous nervous connections 
between the nuclei of the diencephalon, which are influenced by the cere- 
bral cortex (nucleus supraopticus and nuclei tuberis cinerei), and the hy- 
pophysis. In addition, the hypophysis is innervated by the cervical sym- 
pathetic trunk. Many facts show that nervous impulses may act through 
various efferent pathways of the vegetative nervous system upon the go- 
nadotropic function of the hypophysis, and thereby on the sexual func- 
tion. For example, adrenalin inhibits the function of the male and female 
sex glands. There are indisputable facts proving the extreme importance 
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of the nervous system in the regulatory influence of the hypophysis on 
the sex glands. If, for example, the hypophyseal stalk in a female rat is 
transected, i.e., if the influence of the nervous system on the function of 
the hypophysis is excluded, this animal does not exhibit any changes in 
the sexual (oestrous) cycles which normally occur when there is a drop of 
temperature in the external environment. 

The secretion of the luteinizing hormone, produced in rabbits by copu- 
lation, is stimulated through the hypothalamic region and likewise dis- 
appears after the transection of the hypophyseal stalk. 

Though stimulation of the cervix uteri in rats with the cerebral cortex 
removed provokes pseudopregnancy (secretory activity of the corpus 
luteum), and copulation results in normal pregnancy and normal delivery. 
the maternal instinct in these rats is completely absent. 

In females of a number of mammals (for example, in rabbits) unmated 
for a long time the mature ovary follicles are inactive and only the sexual 
act leads to the rupture of the follicles which occurs 10 to 12 hours after 
copulation in rabbits and 40 1o 50 hours in cats and polecats. 

In rabbits normal ovulation is observed after anaesthesia of the vagina 
and subsequent copulation. The phenomena which arise in this case 
apparently depend not only on reflex influences from the receptors of 
the vagina, but also on those of a number of other receptors. It has been 
found that ovulations may occur in women in excess of the normal cycle; 
they may be caused by various influences, including nervous excitation 
connected with the sexual act. 

It should be pointed out that despite the very rich innervation of the 
ovary, established morphologically, very little was known about the sig- 
nificance of this innervation until recently. Since the ovary of the rabbit 
grafted in the anterior chamber of the eye undergoes the same changes 
under the influence of the hypophyseal hormones as an ovary with its in- 
nervation intact, the significance of this innervation was denied altogether. 

However, recent investigations conducted in the laboratories headed by 
K. Bykov and in other physiological laboratories have found that the 
stimulations proceeding from the receptors of the sex organs exert a 
marked influence on a number of physiological functions. It turns out 
that the female sex apparatus possesses well-developed interoceptive con- 
nections. Thus, mechano- and baroreceptors have been found in the wall 
and ligaments of the uterus; stimulation of these receptors brings about 
changes in remote organs, for example, changes in the sensitivity of the 
rod apparatus of the eye. The uterine blood vessels have been found to 
have chemoreceptors whose stimulation causes reflex changes in respira- 
tion and blood pressure. In pregnancy the sensitivity of these receptors 
to chemical stimuli increases. Chemoreceptors and thermoreceptors have 
also been found in the ovaries, uterus and vagina. It is generally charac- 
teristic that the sensitivity of all kinds of receptors in the uterus greatly 
varies with the concentration of sex hormones. Mechanoreceptors whose 
stimulation modifies respiration and blood pressure have been discovered 
in the testes. 

It has been established by numerous researches that the removal of the 
hypophysis eliminates the stimulating action of lighting on the sexual 
function (see below). Similarly, copulation is not followed by ovulation 
in hypophysectomized rabbits. In hypophysectomized rats it is impossible 
to cause pseudopregnancy by stimulating the cervix uteri. Thus, the ex- 
ternal environment influences the function of the sex glands neurohu- 
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morally through the central nervous system; the latter transmits the im- 
pulses, which reflexly arise in it, to the hypophysis whose gonadotropic 
hormones in their turn act upon the internal secretion of the sex glands. 


Dependence of the Sex Glands on the Hypophysis 


As before stated, the hypophysis elaborates several hormones which 
stimulate the endocrine activity of many hormone-producing glands, the 
sex glands in particular. The influence of the hypophysis on the latter is 
of a particularly pronounced character. 

Removal of the hypophysis, like that of the sex glands, always entails 
symptoms of castration. Administration of an extract from the anterior 
lobe of the hypophysis to sexually immature animals induces premature 
development of the secondary sexual characters and the sex organs. In 
castrated animals, however, the hypophyseal extract does not eliminate 
the consequences of castration. It follows that the anterior lobe of the 
hypophysis elaborates hormones which influence the sex glands and thus 
determine the activity of the latter. These hypophyseal hormones arc 
called gonadotropic hormones. 

The gonadotropic hormones do not possess any specific sex features. 
This means that the same hormones are elaborated in the hypophysis of 
the [female and of the male. The specific character of their action is deter- 
mined, so to speak, by the properties of the “addressee”: in the male organ- 
ism they act upon the testes, while in the female organism upon the 
ovaries. 

The anterior lobe of the hypophysis elaborates two hormones whose 
action is of a gonadotropic nature: 1) a follicle-stimulaling hormone, and 
2) a luteinizing hormone; prolactin also acts gonadotropically (page 432). 
These hormoncs have been isolated in the form of purified protein sub- 
stances and their biological action has been studied on hypophysectomized 
animals. 

The follicle-stimulating hormone induces the growth of fallicles in fc- 
males, and, subsequently, their atresia without the formation of corpora 
lutea. In males it somewhat stimulates the development of the seminal 
tubules. 

In females the luteinizing hormone recovers the interstitial tissue of 
the ovaries which is atrophicd after hypophysectomy; it also stimulates 
the transformation of the follicles into corpora lutea. In males it stimu- 
lates the development of Leydig’s cells and the elaboration of androgens. 
The latter, together with the follicle-stimulating hormone, stimulates 
spermatogenesis. 

Prolactin contributes to the elaboration of progesterone by the corpora 
lutea in females (its significance for lactation is described below); the role 
played by this hormone in males is so far unknown. In females the joint 
action of the follicle-stimulating and luteinizing hormones of the hypo- 
physis induces maturation of follicles, ovulation, development of the cor- 
pora lutea and secretion of oestrogens. 

Chorionic gonadotropin, a special hormone, somewhat similar in bio- 
logical action to that of the gonadotropic hormones of the hypophysis is 
elaborated in the villous membrane of the foetus (chorion) and later in the 
placenta during pregnancy. However, chorionic gonadotropin does not 
affect hypophysectomized animals. Chorionic gonadotropin prolongs the 
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stage of maximum development of the corpus luteum and intensifies its 
secretion of progesterone. The blood and urine of pregnant women con- 
tain large amounts of chorionic gonadotropin. 

Excretion of gonadotropic hormones into the urine and early diagnosis 
of pregnancy. It is known that excretion of gonadotropic hormones into 
the urine greatly increases during pregnancy. 


The amount of gonadotropic hormone, which stimulates the sex glands, sharply 
increases in the urine of pregnant women and some simians from the very beginning 
of pregnancy. Early diagnosis of pregnancy, which is of great practical importance 
(for example, when cxtra-uterine pregnancy is suspected), is based on this phe- 
nomenon, The diagnosis consists in the following: 1.5 to 2ml. of a woman’s urine is 
injected into a three- or four-week-old (immature) female mouse six times in the 
course of two days. If symptoms of maturation are clearly revealed in the ovary of 
the mouse (hacmorrhuge into the praaflan follicles, showing as red points under a 
magnifying glass, and formation of the corpus Jutcum) within four days, the given 
urine contains chorionic gonadotropin and belongs to a pregnant woman. It is even 
more convenient to use a mature or immature female rabbit; 24 to 48 hours after a 
single injection of the urine of a pregnant woman into the aural vein of the rabbit 
(that is, after the introduction of the gonadotropic hormone into the blood) hacmor- 
rhagic follicles and luteinization are observed. Ejection of spermatozoa into the cloaca 
of male frogs and toads, and spawning of female loaches after the introduciion of the 
urine of pregnant women into these poikilothermal animals may also serve for dia- 
gnosing pregnancy. 


Importance of secretion of the gonadotropic hormone. The secretion of 
humoral stimulators of the sex glands by the anterior hypophyseal lobe is 
a very important mechanism by which the central nervous system regu- 
lates the activity of these glands. It is assumed that sexual maturation 
is determined by the entrance of the hypophyseal gonadotropic hormones 
into the blood. Certain cases of early sexual precocity (a case of pregnancy 
of a six-year-old girl has been described) are probably due to a pre- 
mature supply of this hormone to the blood. The extinction of sexual ac- 
tivity due to certain lesions of the hypophysis (acromegaly, etc.) is caused 
by arrested supply of the gonadotropic hormone to the blood. The environ- 
mental agents act on the sex glands mainly through reflex influences on 
the function of the hypophysis. 


Influence of the sex glands on the function of the hypophysis. In castrated animals 
the umount of the follicle-stimulating hormone increases. It may therefore be as- 
sumed that in this respect the influence exerted by the internal secretion of the ovary 
on the hypophysis is opposite to that which is exerted by the hypophysis on the ovary. 
Contrariwise, the formation and secretion of the luteinizing hormone is stimulated by 
the ovarian hormones; while suppressing the secretion of the follicle-stimulating 
hormone, the oestrogens always stimulate the secretion of the luteinizing hormone. 
Progesterone, administered in small doses, stimulates the sccretion of the luteinizing 
hormone and inhibits it when administered in large doses. 


Influence of the External Environment on the Sexual Function 


The importance of external influences on the function of the sex glands 
(both ovaries and testes) has long been known, but the mechanism of these 
influences is not quite clear as yet. 


The influence of the external environment tells with particular force on the sex 
glands and the sexual activity of animals whose reproduction is confined to a definite 
season. The most important factor which influences the ovaries is the action of the 
rays comprising the visible part of the spectrum. Svetozarov and Shiraikh have 
shown that prolonged “daytime” induces development of the ovaries in birds normally 
observed only in spring. Some birds begin to nest only in the presence of a definite 
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microlandscape, for example, bushes, hollows in trees. certain kinds of soil, etc. The 
sex stimulus is also of great importance tọ the activity of the sex glands. Some 
researchers (A. Mashkoviscev et al.) have found that the very presence of a male in 
a herd of animals can stimulate the development of the ovaries even without any 
direct sexual excitement. These facts, established for a number of agricultural animals 
and birds, are of great practical significunce. 


The influence of stimuli acting upon the sexual functions with the 
participation of the cerebral cortex has been proved by numerous obser- 
vations. It includes the aforesaid action of the so-called oecologo-sexual 
stimuli, when various factors of the external environment modify the course 
of the sexual activity. Many cases are known when the menstrual cycle 
in women becomes deranged under the influence of emotional stress. 


CHAPTER 46 


PHYSIOLOGICAL PROCESSES OF REPRODUCTION 


The function of reproduction is a complex of physiological processes 
ensuring preservation of the species. Vertebrates reproduce themselves 
only sexually. All reproductive processes may be divided into processes 
of formation of the sexual products—ova and spermatozoa, processes of 
copulation and fertilization, and processes connected with the development 
of the foetus (pregnancy). These extremely complex phenomena are 
linked up with a number of complex physiological changes in the organ- 
ism, changes in its reflex activity and metabolism, and some morpholo- 
gical changes. Since the reproductive processes are closely related to the 
general nature of the animal's vital activity and, above all, to the con- 
ditions of its existence in the external environment, many of them are 
strictly dependent on the rhythm of a complex of environmental factors, 
particularly lighting conditions, temperature, peculiarities of landscape. 
etc. This determines the numerous rhythmic variations in the reproduc- 
tive function based on seasonal and other rhythms. 

The rhythmic changes in the reproductive function, which greatly differ 
in animals, are connected with their natural surroundings: these phenom- 
ena, considerably modified, also occur in man. The rhythmic course of 
the reproductive processes is most clearly expressed in morphological and 
functional changes in the ovaries connected with the development and matu- 
ration of the ovum, ovulation and changes in the secretion of hormones 
which exert a tremendous influence on the organism. 

The cyclic character of sexual activity is usually less pronounced in 
males, though it is also quite distinct in the males of many wild mammals 
(beasts of prey and certain rodents). 

Profound morphological modifications of the sex glands are accompanied 
by marked changes in the physiological state of the animals and in their 
behaviour. First of all they include phenomena of sexual excitement (libido) 
which is accompanied and determined by a number of reflexes of a nature 
of unconditioned inborn activity. The entire complex of sexual reflexes 
ensures the act of fertilization, i.e., the union of the ovum and the sper- 
matozoon. 

The process of fertilization in mammals, birds and reptiles takes place 
in the sex organs of the female, while in most fishes and amphibians it 
occurs in the water into which both the female and male sexual products 
are ejected. 
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Physiology of Conception 


Conception consists in direct contact of one or several of the spermatozoa 
delivered into the female organism with the ovum discharged into the 
female genital tract as a result of the rupture of a ripe graafian follicle. 

The spermatozoa are introduced into the female genital tract in the 
sexual act (copulation) during which the male copulative organ (penis) is 
inserted into the vagina. 

In all mammals the introduction of the penis into the vagina is preceded 
by a state of sexual excitement expressed in the erection of the penis. Erec- 
tion is accompanied by an active dilation of the vessels of the penis, the 
flow of blood increasing here cight- io tenfold. In addition, the m. ischio- 
cavernosus contracts and compresses v. dorsalis penis. Thus, not only the 
supply of blood, but also the filling of the male sex organ with blood in- 
creases. In man and in a number of mammals erection is accompanied by a 
relaxation of m. retractoris penis. During copulation the female sex organs 
react by changes in the filling of the clitoris and vulva with blood. These 
changes are accompanied by considerable secretion from Bartholin’s glands 
situated at the entrance to the vagina. The stimulation of the receptors of the 
glans penis during its friction against the wall of the vagina causes reflex 
contractions of the vasa deferentia and seminal vesicles. The sperm, a com- 
plex fluid consisting of secretions of the epididymis, seminal vesicles, pros- 
tate gland, and Cowper's gland and containing spermatozoa, is propelled 
through the urcthra by contractions of mm. bulbo- and ischio-cavernosi 
and ejaculated. 

The uterus moves at ihe same time and its axis assumes a position cor- 
responding to that of the vagina. 

Due to their active motility, the spermatozoa, which are contained in the 
sperm in great numbers, pass from the vagina into the uterine cavily and 
then travel up the fallopian tubes where the union of the spermatozoon 
and the ovum, i.e., fertilization, usually takes place. 

The fertilized egg is then carricd to the uterus by contractions of the 
fallopian tubes and becomes implanted in the uterine mucosa. 

The nervous mechanism of the sexual act is a series of relatively simple 
spinal reflexcs which normally, however, always form part of a complex 
reflex act involving the higher divisions of the brain. Artificially the sexual 
act can be performed even after transection of the spinal cord in the tho- 
racic division. The cell bodies of the spinal neurons whose fibres innervate 
the sex organs form spinal centres of erection and ejaculation situated in 
the lumbar division of the cord. The external genitalia are peripherally 
innervated by sympathetic and parasympathetic fibres. The latter issue 
from the sacral division of the spinal cord. 

Stimulation of the sympathetic fibres (passing through the sacral ganglia) 
causes constriction of the penile arteries and contraction of the smooth 
muscles of the scrotum and of m. retractoris penis. The sacral nerves contain 
both parasympathetic and motor fibres. Stimulation of the parasympathetic 
fibres leads to active dilatation of the vessels of the external male and 
female genitalia, inhibition of the smooth muscles of the penis and relaxa- 
tion of m. retractoris penis. 

The motor fibres of the sacral nerves innervate mm. ischio- and bulbo- 
cavernosi and the muscles of the urethra; in the female they innervate the 
muscles of the clitoris and of the sphincter vaginae. 
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The internal female sex organs are innervated by sympathetic nerve 
fibres which pass through the inferior mesenteric ganglion. Stimulation 
of these nerve fibres causes contraction of the uterus and vagina. In the 
male, stimulation of the sympathetic fibres results in contraction of the 
smooth muscles of the vasa deferentia and seminal vesicles. 

Normally, cortical signalization is enormously important to the libido 
and the performance of the sexual act. 

By using requisite methods of disinhibition it is possible considerably 
to intensify the sexual activity of sires which is of prime importance to 
pedigree cattlc-breeding. 


Pregnancy and the Physiology of the Foetus 


As soon as the ovum is fertilized, usually in the fallopian tube, it begins 
to cleave. Some time later (in about. eight days) the fertilized ovum de- 
scends into the uterus by which time it is already at the blastular stage. 

Fertilization is preceded by secretory (pregravidic) modifications of the 
uterine mucosa, which consist in a rapid growth of the mucosa with certain 
changes in the stroma and the glandular apparatus. The uterine mucosa 
grows almost four times as thick and its glands become corkscrew-shaped. 
Until then the glands of the uterine mucosa, though enlarged, produce no 
secretion. These glands begin to secrete after the fourteenth or fifteenth 
day of the menstrual cycle. The glands grow still larger and their lumen 
considerably expands. If the ovum is fertilized the modificd uterine mucosa, 
instead of disintegrating to one-fifth of its thickness and being carried 
away with the blood and mucus, continues to grow thicker. In this case 
the uterine mucosa is divided into two layers: a compact layer and a 
decper, spongy layer. The latter consists of a connective-tissue base and 
dilated glands embedded in it. The developing ovum attaches ilself to this 
layer. 

At this period the spongy layer is capable of growing around any foreign 
substance embedded in it, i.e., of forming a decidual membrane. 

After its descent from the fallopian tube into the uterus the developing 
ovum is implanted in the mucosa. The fertilized ovum implants itself 
because the outer blastular cells dissolve and destroy the slack epithelial 
uterine coat. 

First the ovum submerges into the compact layer, then the uterine mu- 
cosa begins to grow thicker and considerable changes in the decidual mem- 
brane take place. 

This membrane, expelled with the foetus during parturition, is divided 
into the decidua parietalis, the s. vera which lines the entire surface of the 
uterus not occupied by the ovum, the decidua capsularis, the s. reflexa 
which covers the ovum from the side of the uterine cavity, and the decidua 
basalis which attaches the ovum to the wall of the uterus. 

The maternal part of the placenta forms from the decidua basalis. 

The outermost layer of the dividing ovum (trophoblast) forms numerous 
villi which are subsequently penetrated by foetal blood vessels originating 
from the mesoblast. The villi of the villous foetal membrane (chorion) grow 
into the enlarged venous spaces (lacunae) of the basal membrane, which 
ensures the nutrition of the embryo from the maternal blood. In man the 
villi of the foetal chorion are directly immersed in the maternal blood 
lacunae. The foetal blood is therefore separated from the maternal blood 
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only by a double layer of epithelium which covers each villus (hemo- 
chorionic placenta). 

At the earliest stages of its development the ovum receives its nourish- 
ment from the surrounding fluid (in the uterus it is the secretion of the 
uterine glands). Later it is nourished from the yolk sac in which the first 
blood vessels vasa omphalo-mesenterica are formed. In man, this source of 
nourishment plays an insignificant role. 

The placenta is the organ through which the foetus respires and is nour- 
ished. Blood passes from the foetus to the placenta along the umbilical 
arteries and returns along the umbilical vein. The processes of nutrition, 
respiration and excretion take place in the lacunae of the placenta. It has 
also been found recently that the mother and foetus are connected through 
the nerve endings in the uterus and the afferent fibres which cxtend from 
them. For example, stimulation of the foetal skin produces reflex changes 
in the mother’s respiration and blood pressure. This is connected with the 
fact that ihe sex hormones act upon the afferent systems of the uterus 
and modify the sensitivity of the receptors situated in its walls. Phenom- 
ena indicating that the respiration and blood circulation of the mother 
vary with the changes in the oxygen content in the uterine blood vessels 
are also observed. 


Considerable amounts of ocstrogens are formed in the placenta; they cannot be 
formed in the ovary owing to discontinued development of follicles during pregnancy. 
In addition, the placenta forms chorionic gonadotropin whose biological action is 
somewhat similar to that of the gonadotropic hormones of the hypophysis; large 
amounts of it are exercted with the urine. The placenta also elaborates progesterone 
contained in the urine as its degradation product—pregnanedio! which can be deter- 
mined by physicochemical methods. 


The process of the passage of nutritive substances from the mother’s 
organism into that of the foetus is hardly known. The epithelium which 
covers the villi plays an important part in this process. It will be observed 
that in the first place it is the amount of blood flowing through the uterine 
vessels which rapidly increases during pregnancy. At the initial stage of 
pregnancy, when the embryos are still small, this is quite sufficient for an 
ample supply of blood to the placenta. With the progress of pregnancy and 
the growth of the foetus, these relationships are deranged, since the supply 
of blood to the uterus does not increase any more. This impedes the gaseous 
exchange between the mother and the foetus. Suffice it to point out that 
the oxygen tension in the blood of the intervillous space equals about 
60 mm. Hg instead of usual 100 mm. Hg in the alveolar air. This is largely 
compensated by the different capacities of the maternal and foetal blood 
to take up oxygen. The dissociation curve of foetal oxyhaemoglobin is 
shifted to the left compared with that of the maternal oxyhaemoglobin; 
this means that the foetal blood takes up oxygen more intensively at rela- 
tively low partial pressures of the latter. The products of nitrogen metab- 
olism are excreted through the placenta, although a more mature foetus 
already shows secretion of urine. The digestive apparatus of the foetus is 
fully formed by the end of pregnancy. Of the enzymes it is pepsin and 
trypsinogen which are elaborated, while the wall of the intestinal canal 
contains secretin. Amylolytic enzymes are absent. The liver secretes bile 
which is accumulated in the intestinal canal in the form of primary faeces 
or meconium. 

Circulation in the foetus is characterized from the middle of intra- 
uterine life by certain features primarily connected with the necessity 
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of supplying arterialized blood to the rapidly growing brain. This arteria- 
lized blood, oxygenated in the lacunae of the placenta, flows along the 
umbilical vein directly to the liver, traverses its capillaries and partly the 
ductus venosus, passes into the inferior vena cava and is thus carried to 
the right auricle. From here it is directed through the foramen ovale into 
the left atrium and left ventricle, and subsequently through the aorta into 
the system of the future systemic circuit. In the inferior vena cava the 
arterialized blood of the umbilical vein is mixed with the venous blood 
which flows from the lower part of the trunk and limbs. In this mixture, 
however, arterialized blood predominates. Venous blood from the head and 
upper limbs flows to the right ventricle, but only a small part of it passes 
through the lung, the greater part traversing Botallo’s duct to the aorta. 
From here the blood flows to the lower limbs, the lower part of the trunk 
and to the placenta along the umbilical arteries. This blood displacement. 
both in the system of the lower part of the body and in the umbilical 
arteries is effected by the right ventricle which, consequcntly, plays an ex- 
ceptional role in foetal circulation. 

From the moment of birth pulmonary respiration and the opening of the 
pulmonary capillaries enable the blood to flow through the lungs. Botallo’s 
duct and the ductus venosus become desolated. Increased pressure in the 
left atrium duce to its filling with blood closes the foramen ovale. The blood 
circulation characteristic of the postnatal period of life thus comes into 
being. The growth of endothelium of the aforesaid blood vessels function- 
ing in the embryonal period leads to their final desolation and obliteration. 

Reflex activity of the foetus. Reflex activity in the intra-uterine period 
is characterized at its early stage by successive phases of development in 
the course of which both local reflex movements and generalized responses 
of the muscles of the trunk and limbs are observed. 

The first reflex movements of the foctus are those of the head and upper 
limbs. These are followed by a gencralized reaction to stimulations which 
shows that excitation is easily irradiated in the central nervous system. At 
first this generalized reaction bears the character of transient muscular con- 
tractions, but is later succeeded by contractions of a longer duration. Seg- 
ment reflex reactions and specialized muscular responses of the trunk and 
limbs begin to develop only after this stage of gencralized reactions. In the 
embryonal period muscular responses are slill inadequate for any complex 
purposive movements. By the time of birth most mammals and man there- 
fore have very few well-developed reflexes; these are of biological impor- 
tance, i.e., they ensure the conditions necessary for the existence of the new- 
born. These highly important reflexes are the respiratory, the suckling, 
coughing, vomiting and vocal reflexes. It will be observed that the suckling 
reflex is very complex already by the time of birth. The suckling move- 
ments of a newborn child, which has never taken any food before, consider- 
ably intensify metabolism and reduce the content of blood sugar. Thus, the 
entire chain of reactions, connected with feeding and subsequently largely 
governed by conditioned-reflex activity are already in evidence. It is the 
low content of blood sugar which causes the unfed newborn child to cry. 
The child’s cry constitutes a very important reaction to stimulations com- 
ing mainly from the internal environment. Despite the slightly developed 
exteroceptive connections at the time of birth, the newborn child exhibits 
complex interoceptive reflexes which determine its principal reactions in 
the first hours and even days of life. The exteroceptive reflexes form only 
during postnatal development. 
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Parturition 


During the greater part of pregnancy the smooth muscles of the uterus 
produce only inconsiderable rhythmic contractions which intensify the 
blood circulation in this organ. As the muscle fibres of the uterus stretch 
(duc to the growth of the foetus), their excitability increases. During the 
last days of pregnancy the contractions of the uterus become more power- 
ful. At the same time the position of the foctus changes and the muscles 
of the cervix uteri stretch. 

Actual parturition consists of a series of successive uterine contractions 
which are primarily designed to dilate the cervix uteri (the first stage of 
labour—period of dilatation). During this period the contraction of the 
Jongitudinal muscle fibres of the utcrus dilates the cervical sphincter. The 
dilatation is also stimulated by a forcing of the foetal bag. filled during 
uterine contractions with amniotic fluid, into the cervical canal. This period 
terminates by the opening of the uterine cervix and in normal parturition. by 
the entrance of the foctal head into the pelvis. 

The second period, or the period of expulsion, is characterized by more 
frequent and prolonged contractions of the uterine muscles attended by 
contractions of the striated abdominal muscles. The diaphragm contracts 
at the same time and a general increase in pressure in the abdominal cavity 
results. This increased pressure and contractions of the uterus expel the 
foetus through the opening of the pelvis and the vagina. 

The third, postnatal, period which usually begins 20 to 30 minutes after 
the birth of the child is characterized by the contraction of the uterus and 
expulsion of the placenta and decidual membranes. 

Parturition is connected with a number of changes taking place in the 
organism at the end of pregnancy. They include, first of all, the mechanical 
stimulation of the uterine baro- and mechanoreceptors by the growing 
size of the foetus. Then there is an increase in the content of oestrogens in 
the blood which suppress the elaboration of progesterone, the hormone of 
the corpus luteum. The amount of oxytocin, the hormone secreted by the 
posterior lobe of the hypophysis and stimulating uterine contractions, is also 
increased. 

The aforesaid increase in the sensitivity of the utcrine interoceptors to 
chemical stimulations produces a greater effect of such products as acetyl- 
choline and oxytocin on the uterine muscle. The still little-known influences 
exerted by the foetus are, no doubt, very important. They include the 
growing intensity of the foetal movements in the last period of pregnancy 
and the effect of the foetus on the uterine interoceptors. The suppression 
of the corpus luteum or elaboration of progesterone by the placenta and 
the greater secretion of oestrogens by it, result from changes in the activ- 
ity of the hypophysis which greatly influences the onset and course of 
parturition. When labour begins each pang is accompanied by a reflex se- 
cretion of oxytocin in the blood. 

Transection of the spinal cord in the thoracic region does not markedly 
influence the course of parturition in dogs, while the destruction of the 
lumbosacral division of the spinal cord makes parturition altogether im- 
possible. This shows that the unconditioned reflexes directly connected 
with parturition can be effected through the lumbosacral division of the 
spinal cord. 

There is no doubt that the cerebrospinal coordination of parturition is 
in ils turn influenced by the higher nervous centres and, above all, by the 
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cerebral cortex. A number of stimulations (pain-producing, emotional) are 
known to influence the course of parturition. 

The method of anaesthetization of childbirth widely used in the Sovict 
Union is based on the action of verbal stimuli on the higher nervous activ- 
ity involved in pain sensations. The cortical mechanisms regulating par- 
turition are at the same time an important factor by means of which the 
physician can influence this highly complex physiological process. 


Lactation and Regulation of the Activity of the Mammary Glands 


Two functions, secretory and motor. are distinguished in the activity of 
the mammary glands. The first of these functions—lactation—is the process 
of formation of milk in the glandular tissue. The second function is con- 
nected with the expulsion of the milk from the lactiferous ducts. The latter 
is effected through the contraction of the smooth muscles of the lacti- 
ferous ducts penetrating the glandular tissuc, and simultaneous relaxation 
of the smooth muscles of the main duct—the cistern. This reaction of the 
muscle fibres of the ducts is called the lactation reflex. 

The arc of this retlex has been recently investigated; it appears that after 
transection of the spinal cord in the thoracic region goats lose this reflex. 

Studies on goats have shown that the lactation reflex does not disappear 
after denervation of the nipple. These experiments have established height- 
ened sensitivity of the denervated udder to oxytocin. The arc of the lac- 
tation reflex lies in the higher divisions of the central nervous system. 
Transection of the posterior columns of the spinal cord suspends the motor 
effect in the activity of the mammary gland, while the secretory effect is 
retained. 

Thus, nervous influences on the mammary glands are exerted along 
different pathways. The extreme inhibitability of the lactation process 
itself and its dependence on external stimuli testify to the important, 
though as yet little-known, role played in this process by the cerebra! 
cortex. 

It has lately been possible to elaborate a conditioned reflex to the proc- 
ess of lactation by combining the action of oxytocin with a signalling 
stimulus—injection of saline and the sound of a bell. These experiments 
have fully proved the role played by the cerebral cortex in the process of 
lactation. 

Regulation of the secretory activity of the mammary gland involves a 
special mechanism, whose functioning depends upon influences exerted by 
the nervous system on the hypophysis and other incretory glands. In 1894, 
it was shown in Pavlov's laboratory that during pregnancy the mammary 
glands were enlarged after transection of all nerves leading up to them. 
It was subsequently found that the state of the mammary glands during 
pregnancy was closely connected with the function of the ovaries. Their 
growth in the period of sexual maturation is determined by the action of 
ocstrogens; after early castration the mammary glands do not develop. 

Pavlov stressed the importance of studying the nervous influences on 
lactation. These influences have now been firmly established; they are 
effected directly through the nervous system and through a neurohumoral 
mechanism—the hypophyseal hormones whose secretion is regulated re- 
flexly. Data obtained by Pavlov’s laboratory show that stimulation of effer- 
ent nerve fibres extending to the mammary glands is accompanied by a 
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decrease in lactation and an increased content of solids in the milk. Tran- 
section of these nervous pathways prevents this decrease in lactation when 
pain stimuli are applied, while complete denervation of the mammary 
gland keeps lactation on low levels. Subsequent researches at Pavlov’s 
laboratory (L. Voskresensky) confirmed that the process of lactation was 
regulated by nervous mechanism. This mechanism, which governs the 
work of the mammary gland during lactation, has been recently studied in 
great detail. Stimulation of the nipples by the young produces reflex secre- 
tion of a lactogenic hormone—prolactin—by the hypophysis. If the spinal 
cord of the rat is transected at a certain level, so that the three posterior 
pairs of its mammary glands are denervated, and the young is allowed to 
suckle only these nipples, lactation ceases. But if the young are allowed to 
suckle the anterior nipples whose innervation is intact, lactation is observed 
in all the mammary glands. Thus, the hormonal mechanism constitutes an 
important. cfferent link of the reflex from the nipples to the mammary 
gland and regulates the process of milk production. It has been found that 
both ovarian hormones—oestrogens and progesterone—infuence the en- 
largement of the mammary glands during pregnancy. While the oestrogens 
stimulate the growth of the lactiferous ducts and the connective tissue. 
progesterone stimulates the development of the alveoli. Both processes are 
observed in the course of pregnancy. 

Prolactin—a lactogenic hypophyseal hormone—stimulates the develop- 
ment of the mammary gland during pregnancy and after parturition only 
in combination with progestcrone, the hormone of the corpus luteum, The 
removal of the hypophysis by the end of pregnancy makes lactation im- 
possible, while injection of prolactin induces the resumption of lactation. 

The receptive function of the mammary gland is effected by intero- 
ceptors situated in the vascular stream, cistern, and small ducts of the 
glands, and by receptors located in the skin of the nipple. 

The foregoing data show the significance the stimulations originating 
from the gland itself have for its normal activity. 


Hereditary Transmission of Acquired Physiological Characters 
of the Organism 


In the course of the animal's individual development the influence of the 
external environment on the organism leads to an emergence of a number 
of specific features in its physiological activity. These features include, jor 
example, the relatively well-studied phenomena of muscular training con- 
nected with morphological and physiological changes in the muscles, phe- 
nomena of adaptation to oxygen deficiency, environmental temperature, 
food, etc. 

According to Pavlov’s and Michurin’s teachings these changes, closely 
bound up with the adaptation of the animal to the conditions of the envi- 
ronment, may in a number of cases be transmitted by heredity. 

Science still knows relatively few facts of such changes in the hereditary 
physiological traits of the organism under cxperimental conditions. But 
there is a multitude of facts in general biology, livestock-breeding and 
other branches of practical knowledge which show that some traits 
acquired by the organism become hereditarily fixed. 


Already the experiments of Kammerer showed that the nature of reproduction of 
the salamandra maculosa and salamandra atra depended on whether they were kept 
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in a dry or damp environment. For example, when kept in a dry environment, the 
salamandra maculosa, instead of laying eggs, which is normally the case, retained 
the eggs in the scxual tracts and gave birth to quite viable larvae. In addition, the 
colour of the salamandra changed to black. The new phenomena did not fully dis- 
appear when the descendants of these salamandras were restorcd to water. As before. 
the salamandras did not lay their eggs, while the newborn larvac possessed under- 
developed branchiae. It was similarly possible 19 modify the process of reproduction 
of the salamandra atra which normally gives birth to living larvae. In a damp environ- 
ment it gave birth to larvae with short branchiae. These phenomena were also trans- 
mitted by heredity. Kammerer likewise managed to observe the changes in the coloura- 
tion of the salamandras depending on the background, yellow or black, against which 
they were kept. These changes in colouration were also transmitted by heredity. 


There are indications showing that certain traits of rats (size and chemi- 
cal composition of muscles) acquired in the process of muscular training 
are particularly pronounced in the rats of the second and third generations. 
It has also been demonstrated that if the rat is kept under lowered baro- 
metric pressure, a change in the content of oxidative enzymes in its brain 
results. These changes can be likewise observed in individual animals of 
the successive generations (E. Kreps). 

Investigations conducted on sheep have yielded facts of similar physio- 
logical significance. Breeding six generations of European-plains sheep at 
an altitude of about 2,500 m. above sea level showed that the sheep whose 
first generations exhibited marked changes in respiration and in the num- 
ber of erythrocytes at this altitude, subsequently ceased reacting to the 
oxygen deficiency and no longer differed from sheep long bred in the 
mountains (R. Olnyanskaya). 

Striking, hereditarily fixed modifications of thermoregulation can be 
observed in the ordinary grey rat m. decumanus during the last 50 or 60 
years of its penetration to regions lying in different latitudes—from the 
Arctic to the subtropics. 

Thus, the external environment exerts considcrable influence on the 
organism of higher animals, which can be observed in a number of succes- 
sive generations. This proves Pavlov’s views that under certain circum- 
stances conditioned reflexes may become fixed and transmitted by heredity 
if they are helpful to the given species. Precisely this is responsible for the 
development of the many aforesaid modifications. f 

The influence exerted by the environment on the organism at. different 
periods of individual development, as was shown by T. Lysenko on the 
organisms of plants, is of exceptional importance to this problem as a 
whole. In this connection it is also important to consider the stages in the 
development of the animal organism characterized by their different quali- 
tative dependence on environmental conditions. 


Stages in the Development of the Animal Organism 


The foregoing shows that the process of ontogenetic development of the 
organism consists of a series of stages characterized, above all, by the 
peculiar relations between the developing organism and the external envi- 
ronment. 

The existence of a fertilized and dividing egg nourished either by diffu- 
sion from the surrounding fluid or the yolk sac through blood circulation 
should be regarded as the first stage in this development. In mammals this 
stage is very brief; in birds it practically covers the entire embryonal period 
of development. 
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The second stage is characterized by nutrition from the maternal organ- 
ism through the placenta. It is important that influences exerted on the 
maternal organism at this period may in turn essentially affect the foetus. 
Soviet scientists have found that if pieces of the white rabbit’s ovaries are 
transplanted to the black rabbit, its impregnation by the white male rabbit 
produces black offspring. Thus, the maternal medium is responsible for the 
development of the black colour, although, according to the laws of hered- 
ity, the birth of white rabbits should be expected. The influence exerted 
by the maternal organism is very important at this stage of development. 

The third stage in most mammals covers the period from birth to the 
opening of the eyes. At this stage the young organism cannot yet lead an 
independent existence, since normal coordination of movements and ther- 
moregulation are still absent, and the gastrointestinal tract is adapted only 
to nutrition by milk. The conditions of nutrition at this stage of develop- 
ment greatly influence the subsequent period. In man this stage lasts much 
longer and includes the formation of motor activity and the development 
of tonic reflexes maintaining the posture of the trunk and the position of 
the head. 

However, at the early age preceding puberty the reactions of the organ- 
ism to the environment factors greatly differ from those in adults as re- 
gards stability of the physiological relations. For example, experiments 
have shown that mice and field voles do not. develop their normal weight 
und sexual activity if insufficiently fed and watered and kept at high tem- 
peratures when young. A subsequent optimal food and temperature regi- 
men fails to restore the deranged functions (body weight, reproductive 
function). Unfavourable conditions also derange the aforesaid functions in 
adult animals, but the functions are recovered when normal conditions are 
restored. Thus, the later stages of ontogenetic development likewise exert 
an enormous influence on the further development of the organism. At 
this stage the conditions of the environment determine the viability of the 
rising generation. 

The subsequent stages of development are connected with the emergence 
of numerous adaptive reactions of the organism aimed at ensuring inde- 
pendent existence in the environment. Although the preceding stages of 
postnatal development are also connected with the activity of the nervous 
system, the latter assumes the greatest significance at later periods of 
development when the formation of the organism is linked up with the 
emergence of a multitude of conditioned reflexes, which, according to 
Pavlov, effect the highest equilibration of the animal with the externa] 
environment. 


PART XII 
PHYSIOLOGY OF THE MUSCLES AND NERVES 


CHAPTER 47 
PHYSIOLOGY OF THE MUSCLES 
General Characteristics and Evolution of the Motor Apparatus 


The functions of the organism, which have been discussed in the preced- 
ing chapters, namely, metabolism, circulatior., respiration, digestion and 
excretion, are usually designated as vegetative functions, according to the 
terminology introduced by Bichal, the French physician, anatomist and 
physiologist, at the turn of the 19th century. This designation stresses the 
fact that the above-mentioned functions relate to the vegetative life of the 
organism and in their essence are common both to animals and plants. 
Other functions of the animal organism, which are effected by the skeletal 
musculature, central nervous system and sense organs and are expressed 
in movements and sensations not inherent in the vegetable kingdom, are 
often referred to as animal functions. This division of functions was also 
connected with the conception of autonomy of the vegetative functions 
allegedly controlled by a special vegetative nervous systcm independent of 
the central nervous system. 

At present this contraposition of functions has actually lost its meaning. 
because in an integral organism, as shown by the investigations of Pavlov 
und his school, not only the animal but also the vegctative functions are 
controlled by the central nervous system and by its higher division—the 
cerebral cortex. The vegetative functions are regulated by the cerebral 
cortex through the vegetative nervous system, which is under the control 
of the higher divisions of the central nervous system, rather than through 
cerebrospinal innervation. 

The skeletal muscles of vertebrates normally contract only in response 
to impulses coming from the central nervous system along the motor nerve 
fibres. Motor impulses arise in the central nervous system as a result of 
changes taking placc in the external and internal environment of the organ- 
ism and acting upon its external and internal receptors. Excitation arising 
in the receptors spreads along the afferent nerve fibres to the central struc- 
tures where it is transmitted from the afferent to the efferent neuron. The 
intracentral transmission of excitation involves a series of internuncial 
neurons. 

Thus, the movements of animals are of a reflex nature. I. Sechenov made 
a great contribution to world physiology when he formulated his propo- 
sition that not only the simplest motor reactions of animals, but the most 
complex manifestations of human behaviour were governed by a reflex 
mechanism, in the latter case related to the higher levels of the central 
nervous system (“reflexes of the brain,” according to Sechenov’s terminol- 
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ogy). Sechenov’s ideas prompted Pavlov to elaborate his teaching on the 
higher nervous activity experimentally (Chapter 60). 

The connection between the muscular fibres and the nerve cells is formed 
already at the early stages of phylogenesis of multicellular organisms. 
Whereas in a primitive unicellular organism the entire protoplasm simul- 
taneously possesses the properties of excitability and contractility, mul- 
ticellular organisms, in the course of adaptation to the environment and 
as a result of differentiation and specialization of their cells and tissues, 
acquire the property of responding to external stimuli by motor reactions 
through specialized muscle fibres. The muscle fibres 
are elongated, have a fibrillar structure and are able 
to shorten. 

At low levels of development only part of the cells 
gives rise to muscle fibres, as for example, the 
epithelial-muscle cells of the lower Coelenterata. In 
these cells only the basal part forms an elongated 
contractile fibre, while the outer part of the cell 
performs a receptive function. Thus, the same cell 
discharges integumentary, receptive and contractile 
functions. But already in higher Coelenterata the 
functions of reception and contraction are separ- 7 
ated. Some of their epithelial cells are supplied by 
long processes whose end branchings come into con- 
tact with the muscle fibres lying deeper (Fig. 183). In 
other cases (in medusae) between the receptive and 
the muscle cells there is a network of nerve cells 
supplied with numerous processes. 

On higher phylogenetic levels the connection ? 
between the receplive structures and the muscles |. f 
becomes more complicated and is effected through re ee ae 
considerable aggregations of nerve cells—ganglia, guleata, coral polyp. 
and in vertebrates through corresponding structures z epithelial cell; 2 —nua- 
of the spinal cord and brain. In vertebrates the efferent cle fibre. 
nerve fibres along which impulses are conducted 
from the central nervous system to the muscles are formed by long proc- 
esses of the nerve cells (motoneurons) which lie in the anterior horns of 
the spinal cord. At these stages of phylogenetic development the muscle 
represents an execulive organ in the system of the motor apparatus which 
includes both thc peripheral and central nervous links. 


Structure and Functional Properties of Muscles 


Principal types of muscular tissue. Muscles are divided into two large 
groups—strialed and smooth, according to their structure and function. 
Striated muscles move the extremities and are also called skeletal.* They 
are formed by fibres of a heterogeneous structure and contract relatively 
fast. Smooth muscles consist of fibres which have a homogeneous structure; 


* The fact that the striated muscles contract in response to impulses from the 
cerebral cortex gave reason to call them “voluntary” muscles. But since this desig- 
nation has no physiological meaning and since it may lead to the erroneous conception 
of indeterminism of the cortica] processes, we do not consider it expedient to usc 
this term. 
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they form the walls of the blood vessels and of the hollow viscera. The 
contraction of these muscles determines the size of the lumen of the blood 
vessels and controls the filling and emptying of an organ. Smooth muscles 
contract slowly, but the contractions may persist for a long time. 

The cardiac muscle of vertebrates is of a specific nature. Being striated, 
it possesses certain functions of the smooth muscle. 

First we shall consider the properties of striated muscles. 

Structure of muscle fibre. Two kinds of protoplasm are distinguished 
in the muscle fibre: usual nucleated protoplasm, or sarcoplasm, and differ- 
entiated protoplasm, or inoplasm which has a fibrillar structure. In the 
course of evolution the undifferentiated protoplasm largely gives way to 
the fibrillar structure. In the skeletal muscles of vertebraics the sarcoplasm 
concentrates together with the nuclei at the periphery of the nerve fibre, 
directly under its sheath, the sarcolemma. 

Owing to the parallel arrangement of the fibrils, 
the microscope reveals a longitudinal striation of 
the muscle fibre. In addition, striated muscle fibres 
show a transverse striation because the myofibrils 
consist of segments which refract light in different 
ways. Microscopic examination in polarized light 
shows that each fibril consists of regularly alternat- 
ing dark and light discs (Fig. 184). The light discs 
are crossed in the middle by narrow dark stripes. 
Passing through all the fibrils up to the membrane 
of the fibre these transverse partitions form the 
frame of the latter. Owing to these partitions, the 
discs of all the fibrils (both light and dark) lie on 
the same level and the transverse striation of the 
fibre is strongly pronounced. The muscle fibre is 
divided by these partitions into alternating mus- 
cular segments, or sarcomers. 

The dark discs belong to anisotropic structures: 
A-—-myofibrila of human mw their physical, particularly, optical and electrical 
ele fibre: B—bundle of myofl properties (for example, electrical conductivity) 

rils (after Lévi). differ in the longitudinal and transverse directions. 

Anisotropy testifies to a regular arrangement of 

protein molecules in the longitudinal direction. The anisotropy of the dark 

discs is also manifested in double refraction revealed by examination with 

a polarizing microscope. The light discs are isotropic and give simple 
refraction. 

The smooth muscle fibres also have an anisotropic substance, but here, 
unlike the striated fibres, it is distributed evenly. The difference in struc- 
ture is connected with the functional peculiarities of the principal types 
of muscular tissue, i.e., with the rapid contractions of the striated muscles 
and slow contractions of the smooth muscle fibres. 





Fig. 184. Structure of 
striated muscle. 


When a muscle contains fibres of both types thcir functions differ. For example, 
the muscle which closes the shell in some lamellibranchiate molluscs is made up of 
two parts, ihe first consisting of striated fibres and the second of smooth fibres. The 
contractions of the striated fibres close the shell fast but not firmly. When the shell 
is to be closed for a longer time (for example, on land) the smooth muscle also 
contracts and may retain the contraction for many hours. 

Certain observations indicate that striation arises simultaneously with the beginning 
of muscular activity. For example, in a newly hatched fly striation appears after the 
first flight. Contrariwise, muscles which cease to function or atrophy simultaneously 
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lose their striation. For instance, in certain specics of spiders the abdominal muscles 
of the females long stretched during the maturation of the eggs become inert and 
lose their striation. 


Excitability of the muscle. The basic functional propertics of muscle 
tissue, like those of nervous tissue, include excitability, i.e., the ability to 
develop excitation under the action of certain stimuli. Externally this proc- 
ess of muscular excitation is manifested in its contraction. 

Practice shows that muscular contraction which is normally evoked only 
in a reflex way, i.e., through the central nervous system in response to a 
stimulation of receptors, can be experimentally induced by direct action of 
a stimulus on the muscle, as well as by stimulating the motor nerve. Exci- 
tation arising as a result of artificial stimulation of this nerve spreads along 
the nerve and is transmitted from the nerve fibres to the muscle, causing 
the latter to contract. Muscular contraction is a highly sensitive indicator 
of the active state of the nerve itself. 





Fig. 185, Installation for electric stimulation of a nerve-musele preparation. 
A—attery; K, and A,—keys; 7 primary and J]— secondary coils; £-- electrodes applied to nervo 
or muscle; Myogr---myograph with block H; (—cylinder of kymograph. Foree of stimulation w expressed 

in centimetres of distanee between coils (after L. Beritoy). 


This makes it possible to study the functional properties both of the 
muscle and the nerve on so simple an object as a nerve-muscle preparation 
isolated from the body and consisting of a muscle and its nerve trunk. 
Poikilothermal animals are usually employed for this purpose, since their 
muscles do not require any special conditions (as regards temperature, oxy- 
gen supply, etc.) for the maintenance of their vital activity outside the 
organism. An isolated nerve-muscle preparation of a frog consisting of the 
sciatic nerve and gastrocnemius muscle is most frequently used as an object 
of investigation. In order to prevent such a preparation from drying it is 
moistened with saline (0.6 per cent solution of NaCl) and placed in a humid 
chamber. 
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Various agents may be used for stimulating the nerve and the muscle: 
mechanical (pricks, strokes, transections), thermal (heating), and chemical 
(action of acids, alkalis and salts). However, of all the different stimuli it is 
the electrical which is most extensively applied in experiments (the make 
and break of a constant current, induction shocks, condenser discharges). 
The tremendous advantage of electric stimulation consists in the fact that 
it acts almost instantaneously and permits accurate graduation of the elec- 
tric current with regard to strength, duration and form. Besides, acting on 
the tissue for a short time. an electric current of moderate strength docs 
not produce any irreversible changes in it. 

Fig. 185 shows an apparatus for the electric stimulation of a nerve- 
muscle preparation. 

The ability of a muscle to react to the stimulation of its motor nerve, i.e., 
to impulses coming to it from the nerve, is usually designated as indirect 
excitability of the muscle. It should be borne in mind, however, that even 
when the stimulus acts on the muscle directly, the effect may be due to the 
stimulation of the motor nerve endings contained in the muscle. 

The muscle fibre itself possesses excitability. This can be proved by stim- 
ulating those sections of the muscle which do not contain any endings of 
the motor nerve. Such sections are located in the ends of some muscles (for 
«example, in the sartorius muscle of the frog); experiments show that stimu- 
lation of these sections results in the contraction of the muscle. Further- 
more, it is possible to exclude the influence of nervous elements on the 
muscle by applying to it some poisonous substances, such as curare. Accord- 
ing to the generally accepted point of view, curare paralyzes the endings of 
the motor nerve in the muscle. In any case when the animal is intoxicated 
with this poison, the nerve and muscle themselves continue to function, but 
no excitation is transmitted from the nerve to the muscle; therefore, stimu- 
lation of the nerve no longer evokes muscular contraction, though the 
muscle reacts to a stimulus acting directly upon it. 

Such experiments clearly show that the muscle fibres possess so-called 
direct excitability, i.e., ability to react also to stimuli which act directly 
upon them and not on the nerve fibres. 

Excitability is closely connected with another specific property of the 
muscle—contractilily, i.e., ability to change its form in a peculiar way in 
response to stimulation and to develop mechanical tension. This property of 
the muscle is dealt with in detail below. 


Muscular Contraction 


Isometric and isotonic conditions of muscular contraction. During direct 
or indirect stimulation a muscle shortens or develops tension in the longi- 
tudinal direction. This change in the form or tension of the muscle is called 
muscular contraction. If a muscle contracts without lifting any load, it 
shortens, its diameter increases, but the tension of the muscle fibres does 
not change. In this case the muscle shortens while the tension remains 
invariable, owing to which such contraction is called isotonic (contraction 
with invariable tension). If, however, the excited muscle cannot shorten 
(for example, when its tendons are fixed) the contraction of the muscle is 
manifested only in the development of tension. Such contraction is called 
isometric (coniraction with an invariable length). 

In an organism the muscular contractions are never purely isotonic, or 
purely isometric. The movement of an extremity free from any load comes 
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close to a purely isotonic contraction, while the tension developed in an 
attempt to lift an excessively heavy load offers an example of almost pure 
isometric contraction. By increasing the load of the muscle from a mini- 
mum to one that the muscle cannot lift it is possible to obtain all the tran- 
sitional stages—from a purely isotonic to a purely isometric contraction. 
Modifications in the microscopical picture of the muscle fibre observed dur- 
ing contraction or relaxation of a muscle are shown in Fig. 186. 

Two types of re- 
cording levers (myo- 
praphs) are used in 
analysing muscular 
contractions graphi- 
cally. In isotonic re- 
cording (Fig. 187) one 
of the ends of the 
muscle is fixed, while 
the other is altached 
by its tendon to an 
easily movable lever 
of the myograph. The i 
end of tihe lever Fig. 186. Change inshepe of a striated fibre during contraction. 
touches the smoked Fibre at rest (a). stretched (b) and contracted (c) (after Schaeffer), 
surface of the paper 
band of the kymograph and as the cylinder rotates it draws a white line on it. 

In isometric recording the free end of the muscle is attached to a tight 
spring so that the muscle practically retains its length during stimulation. 








Fig. 187. Recording muscular contraction. 
Muselo (M), fastened by clamp (b) during contraction rainog recording lever 
(d) with load (p) ausponded trom point (e) to lever near its fulerum f(c). 
Free end of lever records curve of muscular contraction on moving band (a). 


An insignificant stretch of the spring corresponding to the tension devel- 
oped by the muscle can be represented on an enlarged scale by means of 
a long lever attached to the spring or by optical recording. In the latter 
case a little mirror is attached to the spring; it throws a cone of light onto 
a band of photosensitive paper moved by the kymograph. 
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Twitch. If a muscle is subjected to a single transitory stimulation, for 
example, an induction shock, it reacts with a momentary contraction known 
as a twitch. The contraction curves recorded on the rapidly rotating cylin- 
der of a kymograph under isotonic or isometric conditions have a more or 
less identical form which is shown in Fig. 188. 

Within certain limits the degree of muscular contraction depends on the 
strength of the stimulation. The minimum strength of stimulation just 
sufficient to produce an effect is called the threshold of stimulation. If the 
stimulation is intensified above the threshold, the contraction curve in- 
creases to a certain maximal value. Stimulation producing the maximal 
physiological effect is called maximal stimulation. An increase in the power 
of contraction under a 
submaximal intensifica- 
tion of stimulation is in 
some measure connected 
with a gradual increase 
in the number of the ex- 





Fig. 188. Curvo of single musele contraction. cited fibres. Weak stim- 
u moment of stimulation; bed.. curve of contraction. Beolow-— ulation excites only the 
time marked in hundredths of a second. most excitable fibres; in 


maximal contraction all 
the fibres of which the muscle is made up are affected by excitation. In 
addition, the degree of contraction of each muscle fibre increases within 
certain limits when the stimulation is more intense. 

The curve of a single twitch shows an interval between the moment of 
application of the stimulus and the onset of the muscular response. This 
interval is called the latent pcriod of contraction. It usually equals 0.01 
second; this is, however, much longer than the actual latent period, since 
the viscosity and extensibility of the muscle substance retard the beginning 





Fig. 189. Effect. of fatigue on single muscle contraction (after Waller). 


of its shortening, while the inertia and friction of the recording lever delay 
the beginning of the recording. If a muscle is stimulated from the nerve, 
it is likewise necessary to take into account the time which is required for 
the conduction of the excitation from the stimulated point of the nerve to 
the muscle. By using highly sensitive photographic recording it was pos- 
sible to show that the latent period of contraction of the gastrocnemius 
muscle in the frog actually lasted about 0.0025 sec. The latent period of 
contraction covers the initial stage of the excitatory process which is mani- 
fested in the modification of the electrical potential in the muscle and 
precedes the development of mechanical tension (page 505). 

When the tension developed by the muscle suffices to overcome the 
internal viscosity and inertia of the muscle, the period of shortening 
begins. In an isolated muscle of the frog it lasts about 0.05 sec. and is 
succceded by a period of relaxation lasting about 0.06 sec. Like the shorten- 
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ing of the muscle the relaxation is an active process connected with definite 
chemical and physicochemical changes in the muscle fibres. A single muscle 
twitch in the frog is completed in about 0.11 sec. 

The period of contraction and especially the phase of relaxation are con- 
siderably prolonged when the muscle is fatigued. In this case the relaxa- 
tion is so retarded that it cannot. be completed for many seconds (Fig. 189). 
This extremely retarded muscular relaxation is called contracture. 

The duration of a single twitch of the striated muscles greatly differs in 
various animals. Whcreas in some allotherms a muscle contraction may last 
almost a second, in homoiotherms it lasts in 
most cases less than 0.1 sec. The wing muscles 
of some insects contract the quickest: in about 
0.003 sec. 


The duration of a single twitch differs in various 
muscles of the same animal. For example, the latent 
period and duration of a single twitch in the white 
muscles of the rabbit are shorter than in the red 
muscles whose fibres are richer in sarcoplasm and 
are capable of more protracted tension. a 

The same muscle, as for example the gastro- 
enemius in man, often contains both slowly and 
rapidly contracting fibres. In this case we sec two 
waves on the ascending part of the curve: the first 
relates to the white fibres and the second, the more 
delayed, to the red fibres. In the embryo and in the 
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initial period of the animal’s postnatal existence the 
duration of a single muscle twitch is prolonged 
(Koshtoyants and others). Ontogenctic development Z 


is connected with a gradual shortening of the period 
of a single muscle twitch to the level characteristic Fig. 190. Different forme of tota- 


of the adult animal. nus due to increase in rapidity 
y x of stimulation. 
Tetanic contraction. Normally muscular con- untractiona; JT und LIT 
tractions are relatively long continued. Even effect; ZV- full tetun.. 


the fastest movements performed by man last 
more than 0.1 see., while continuous tension of the muscles of the trunk and 
limbs may persist for many minutes and even hours. The mechanism of con- 
tinuous contractions called tetanus (E. Weber, 1821) was elucidated by a 
study of muscular contractions occurring in response to a series of stimula- 
tions applied successively at short intervals. 

If the stimulations are separated by intervals exceeding the duration of 
a Single twitch, the muscle contracts and relaxes between two applications 
of the stimulus (Fig. 190, 1). 

If the stimuli are applied at sufficiently short intervals, each subsequent 
stimulus will act on the muscle before the latter is fully relaxed after the pre- 
ceding contraction. In this case the second, third and all subsequent stimu- 
lations will cause the muscle to contract from a somewhat shortened state, 
rather than relaxed. The curves obtained in this case are shown in 
Fig. 190, II-III. In this figure we sec records of incomplete, toothed tetanus. 
In incomplete tetanus the muscle starts relaxing in the interval between 
the stimuli, but has no time to relax completely. 

If the stimuli follow each other so rapidly that each subsequent stimulus 
begins to act before the ascending stage of the previous contraction ends, 
the muscle does not relax in the interval between the stimuli at all. In this 
case each subsequent stimulation excites the muscle before it begins to 
relax. This result in complete tetanus is characterized by a complete con- 
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tinuous muscle shortening uninterrupted by relaxations, as shown in Fig. 190, 
IV. The curve of tetanic contraction of a muscle under load is considerably 
higher than that of a single muscle twitch. Its height increases to a certain 
extent with the increase in the strength and frequency of stimulation. 

Complete tetanus can be attained only at a frequency of stimulation in 
which the interval between the stimuli is shorter than the phase of devel- 
opment of tension. For example, in a fresh gastrocnemius muscle of the 
frog in which the phase of progressive contraction lasis about 0.05 sec. 
complete tetanus can be obtained at a frequency of no less than 20 to 30 
stimulations per second. Human muscles and muscles of homoiotherms 
require morc than 30 stimulations per second. The wing muscles of certain 
insects may show separate contractions even at 300 stimulations per second. 

Continuous muscular contraction—tetanus—was regarded as a result of 
mechanical superposition of individual contractions, invariable in their 
value, one upon another. It was assumed that at a certain stage of shorten- 
ing caused by a previous stimulation the muscle contracted in response to 
a subsequent stimulation as it would contract if it were in a state of rest at 
the moment of stimulation. This interpretation belongs to Helmholtz (1847), 
the first to record muscular contractions during single and successive stim- 
ulations. 

N. Wedensky (1885), a pupil of I. Sechenov, disclosed the inadequacy of 
this theory of tetanus. He showed that in a rhythmic series of contractions 
of which tetanus is made up each of these contractions docs not remain 
invariable, but depends on the preceding and influences the subsequent 
contraction. In the development of tetanic contraction, it is not only the 
strength of stimulation, but also the intervals between individual stimuli, 
i.e., their frequency, that are therefore very important. The actual height 
of tetanus varies within extensive limits depending on the strength and 
frequency of the stimuli applied. There are an optimum of strength and a 
frequency of stimulation under which tetanus attains its maximum value 
considerably exceeding that which should be expected under conditions of 
simple superposition. On the other hand, under excessively strong and fre- 
quent stimulations the effect is much lower than should be expected (the 
pessimum of strength and frequency of stimulation). 

If each subsequent stimulus is applied at a certain optimal interval after 
the preceding stimulus, it finds the tissue in a state of heightened reactivity 
and produces an effect which exceeds the value of the response obtained if 
the stimulus acts on the tissue when the latter is in a state of rest. As a 
result, the general value of tetanus proves to be higher than could be ex- 
pected. This state of heightencd reactivity which develops in the tissue 
some time after the response was named by Wedensky (1906) the exalta- 
tion phase. The optimal frequency of stimulation, which under maximum 
physiological strength of stimulation produces tetanus of the greatest 
height in a fresh gastrocnemius muscle of the frog, is 100 per second. For 
the skeletal muscles of homoiotherms this optimal frequency is somewhat 
higher. 

The exaltation phase is preceded by a state of lowered reactivity known 
as the refractory phase. The effect produced by stimuli applied at short 
intervals is therefore lower than should be expected (relative refractory 
phase). But if this interval is less than 0.002 or 0.003 seconds, the second 
stimulus does not produce any contractile effect whatever (absolute refrac- 
tory phase) and does not add anything to the muscular contraction pro- 
duced by the first stimulus (Fig. 191). The question of the nature of the 
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refractory phase and of the pessimum will be considered later (in Chap- 
ter 50); here it must be pointed out that Wedensky's researches have estab- 
lished the exceptional importance of the intervals between the stimuli for 
the development of tetanic contraction. 

Mechanical changes in the muscle during contraction. In response to 
stimulation, a muscle either shortens or develops longitudinal tension 
depending on isometric or isotonic conditions; it does not, however, begin to 
act along its entire length simultaneously. lf a single stimulus is applied to 
the end of a muscle, contraction begins 
first in this part and then spreads like a 
wave from the stimulated part to the others. 

The propagation of the wave of contrac- 
tion along the muscle can be cxamined with 
the help of myographs which record the 
thickening of different portions of the 
muscle. For this purpose two light levers are 
placed at a certain distance from each other 
across a muscle consisting of parallel fibres, 
for example the sartorius. One end of each 
Jever is fastened on the axis on onc side of 
the muscle with the other end touching the 





Fig. JOT. Tafluence of length o 
interval between two single stimu- 
lations of skeletal musele in the 
frog on force of musele contruction, 


smoked surface of the kymopgraph band. 
When a single electric stimulation isapplied 
to one end of the muscle the contraction 
spreads along the muscle fibres at a certain 
measurable rate, owing to which the lever 
situated farther from the site of stimulation 
begins to plot the curve of muscular thicken- 
ing somewhat later than the lever situated 
closer. This delay signifies the time re- 


First. contraction (a) was caused by 
single maximal stimulus: each snb- 
sequent contraction was enused by 
two stimuli divided by interval. the 
duration of which (in thousandth 
of a second) is indicated by the fig- 
ures. Hf interval exceeds duration 
of absolute refractory period (bo- 
ginning with 0.002 seeond) result, 
is summation of contractions re- 
corded on motionless kymograph 
drum, 


quired for the propagation of the contrac- 
tion wave from one lever to the other. 

In this way it was established that in the frog’s muscle the contraction 
wave is propagated at the rate of 3 to 4 metres per second; in the muscles 
of homoiotherms at the rate of about 6 metres per second. 

By recording the changes in the thickness of different portions of a 
muscle it is also possible to trace the influence exerted by the contraction 
of one section of the muscle on the other sections which are either still at 
rest or have already returned to rest after contraction. It turns out that in 
the parts adjacent to the contracted part of the muscle a rise of the curve 
is preceded by a certain fall of the initial line. This testifies to the fact that 
the parts still at rest stretch when the adjacent section is contracted. Con- 
sequently, along with contractility the muscle possesses the property of 
tensility. This property may also be observed in an isolated muscle at rest 
if it is stretched by a load. 


At the same time the muscle exhibits the property of elasticity, i.c., the ability to 
assume its initial form when the forces causing its deformation cease to act. The 
muscle is considered to have low elasticity when even a small deforming force pro- 
duces considerable deformation. Elasticity may be perfect or imperfect depending on 
whether the muscle recovers its initial size completely or incompletely. 

If we take a cylindrical bar having length L and cross-section S in which tractive 


F. g 
force F causes lengthening a, then, as shown by experiments, a = ee from which 
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FL ; 
it follows that the coefficient of elasticity (Young's modulus) k=: When k is 


low, consequently, when the elasticity is at a low level, even slight traction results in 
considerable lengthening, while the intensification of traction leads to irreversible 
deformation or rupture of the elastic substance. The following are the coefficients of 
elasticity and rupture for some organic and inorganic substances (the coefficient of 
elasticity of the muscle is taken as a unit): 


Coefficient of elas- Coefficient of rup- 
ticity (in relative ture (in kilograms 
units) per 1 mm.*) 
Steel . 2... . .. ee) 20,000 20-30 
Boney: fe ts: hte? eda hf tae Ge i ce i 2,000 10 
Lead: o oe oe ke ea a 1,800 1 
Muscle .........2.44.+. 1 0.5 


A living muscle possesses low, but perfect clasticity; even small traction produces 
considerable lengthening, while the return of the muscle to its initial size, within the 
limits of reversible deformations, is complete. Only this enables the motor apparatus 
to recover its initial state after motion. The tendons connecting the muscle with the 
bone levers also possess perfect elasticity which they retain even after the animal's 
death, provided they are prevented from desiccation. 

There is a marked difference between the clasticity of a resting and an active 
muscle. This difference is due to an increase in the viscosity of the muscle during 
contraction. The viscosity conditioned by the friction of moving particles is, in part. 
responsible that the muscle requires a certain short period of time to resume its 
initial length. 

The animal's death is quite rapidly followed by a rigidity of the muscles (rigor 
mortis); the latter become more clastic, but this clasticity is quite imperfect, and after 
reaching a certain maximum decreases because of autolysis in the dead muscles. 


Absolute muscular strength. The tension developed by a muscle during 
maximal contraction is the absolute muscular strength. It can be measured 
by the value of the load which must be applied to the muscle fully to pre- 
vent its shortening during maximal stimulation. The muscular strength, 
apparently, depends on the number of fibres and, consequently, on the 
cross-section of the muscle. To make comparison of various muscles pos- 
sible, it is also necessary tc introduce the concept of specific muscular 
strength which is defined as the quotient of the absolute strength of the 
given muscle divided by the area of the cross-section of its fibres. It hap- 
pens that various muscles of vertebrates and invertebrates possess a specific 
strength which is expressed by values of the same order—several kilo- 
grams per 1 cm.?, namely: 4 to 5 kg. for muscles of the Arthropoda; 1.5 to 
4 kg. for muscles of the molluscs; 2 to 3 kg. for muscles of the frog; 5 to 
8 kg. for human muscles. The smooth muscles are characterized by a lesser 
specific strength of about 1 kg. per 1 cm.? 

In an integral organism the maximal work the motor apparatus can per- 
form is determined by the ability of the motor apparatus, particularly its 
central innervation link, to do considerable work without developing fa- 
tigue, rather than by the absolute strength of the muscle as an executive 
organ. The greater the work performed in a unit of time, the more rapid 
the development of fatigue which makes further work impossible. For 
example, when riding a bicycle a strong man can perform 1,200 kg. of work 
per minute for many hours, 1,800 kg. per minute for one hour and 2,400 kg. 
per minute only for several seconds. An athlete can run at a rate of 15 to 
18 km. per hour for one to two hours, and at a rate of 30 km. per hour only 
for 0.5 min. A man can perform work equal to 1.5 h.p. (about 110 kg. per 
second) but only for several seconds. 

The total amount of the hardest physical work performed by man usually 
does not exceed 100,000 to 200,000 kg. per day. 
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Energy of Muscular Contraction 


Anaerobic processes in the muscle. It was known as early as last century 
that a muscle could perform work without oxygen. An isolated sartorius 
muscle of the frog placed in Ringer's solution, fully deprived of oxygen, can 
produce about 1,500 contractions when stimulated every minute, if its metab- 
olites are removed into the surrounding solution (A. Hill and P. Kupalov). 
The ability of the muscle to contract in the absence of oxygen shows that 
it can liberate energy by anaerobic reactions of splitting. 

The following anaerobic processes are now known to take place in a 
resting muscle and greatly to increase during activity: 

1) decomposition of glycogen to lactic acid with the liberation of 350 to 
500 cal. per gram of lactic acid formed. This process gocs through a number 
of well-studied intermediate stages, treated in biochemistry; interaction of 
glycogen with phosphoric acid and the formation of hexose-phosphates is a 
sine qua non of this process; only the latter can be converted into lactic 
acid with a simultaneous liberation of phosphoric acid: 

2) decomposition of creatine phosphoric acid (phosphocreatine) to crea- 
tine and phosphoric acid; 

3) decomposition of adenosine triphosphoric acid to adenosine diphos- 
phoric and phosphoric acids. 

All these reactions are exothermic, due to the action of enzymes and in- 
volve no oxygen. 

Conversion of glycogen into lactic acid in a working muscle was the first 
of the aforesaid reactions to be studied. In the absence of oxygen this con- 
version is the basic result of the chemical processes in the muscle. Only 
20 to 25 years ago the decomposition of glycogen to lactic acid was re- 
garded as the only reaction producing energy for muscular activity, while 
the formation of lactic acid was considered the cause of muscular contrac- 
tion. 

Since then, however, all other aforesaid reactions have been ascertained 
and, what is particularly important, it has been found that muscular ac- 
tivity is possible anaerobically and involving no decomposition of carbo- 
hydrates at all (Lundsgaard). This is attained through poisoning the muscle 
by iodoacetate (or bromoacetate) acid preventing the possibility of gly- 
colysis. Under these conditions muscular contractions cannot persist long; 
they cease when the entire creatine phosphate is used up. Thus, disinte- 
gration of creatine phosphoric acid can produce the energy necessary to 
ensure muscular contraction. 

In the muscle not poisoned by iodoacetic acid the amount of phospho- 
creatine hardly decreases, but in the absence of oxygen the muscle accumu- 
lates lactic acid. In the muscle poisoned by iodoacetic acid the formation 
of lactic acid is impossible, and the whole amount of phosphocreatine is 
consumed. Hence, it can be inferred that decomposition of glycogen to 
lactic acid ensures the possibility of resynthesis of creatine phosphate from 
creatine and phosphoric acid. 

But disintegration of creatine phosphate is, apparently, not a primary 
reaction. It can occur only in the presence of adenosine diphosphoric acid 
to which the phosphate group of creatine phosphate with the creatine split 
off is transferred. 

Thus, the cycle of anaerobic transformations in the muscle may be pre- 
sented approximately as follows. Decomposition of adenosine triphosphoric 
acid to adenosine diphosphoric acid and phosphoric acid is the primary 
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stage. This exothermic reaction supplies energy for the muscular contrac- 
tion. In addition, the formation of adenosine diphosphoric acid makes the 
decomposition of creatine phosphate possible. The subsequent decomposi- 
tion of glycogen liberates energy necessary for the restoration of adenosine 
triphosphoric acid and through it also of phosphocreatine. The final result 
of the anaerobic cycle is the disappearance of a certain amount of glyco- 
gen and emergence of an equivalent amount of lactic acid. The process of 
muscular contraction itself is not connected with the formation of lactic 
acid: the decomposition of glycogen takes place some time after the onset. 
of contraction and persists for some time after its cessation. 

The anaerobic cycle of transformations is actually much more compli- 
cated. Part of the adenylic acid is deamidated and NH; and inosine acid are 
formed; this reaction is, apparently, irreversible. Restoration of phospho- 
creatine is also incomplete: part of it decomposes irreversibly. But adenylic 
acid and probably phosphocreatine are formed anew from some still un- 
known nitrous products. 

Oxidative transformations in the muscle. Exhaustion of the stockpile of 
carbohydrates and accumulation of lactic acid are slower if the muscle 
works in an atmosphere of oxygen. In the presence of oxygen new reac- 
tions occur, oxidation of lactic acid being the most important of them. 
The study of heat production in the muscle, which prior to this worked 
under anaerobic conditions, has shown that the amount of heat formed 
after the admission of oxygen is one-fourth of the amount required to 
oxidize the entire lactic acid accumulated during the anaerobic phase. It 
has furthermore been found that in the presence of oxygen only one-fourth 
to one-fifth of the entire lactic acid formed in the muscle in the absence of 
oxygen is oxidized with a formation of CO, and H,O. The remaining 
amount of lactic acid is reduced to glycogen by the liberated energy. This 
sequence of reactions of anaerobic disintegration and aerobic oxidation 
connected with the resynthesis of glycogen may be schematically presented 
as follows:* 

anaerobic phase of 
disintegration 4 CsHi2Os > 8 CsHeOs 
7 oxidation 2C,H 6 O: -+ 6 CO: + 6 H,O 
aerobic phase of me CRo sama 


In general, approximately three-fourths of the total carbohydrates de- 
composed to lactic acid are reduced to glycogen and only one-fourth is 
oxidized. 

Investigations of the last decade have shown that the foregoing scheme 
does not adequately reflect the importance of the aerobic phase. During 
oxidative processes inorganic phosphoric acid is intensively drawn into the 
composition of adenosine triphosphoric acid (approximately three mole- 
cules of HPO, per atom of the oxygen absorbed). The oxidative processes 
are, thus, connected with processes of phosphorylation. 

Carbohydrates are not directly used in muscular contraction, but in 
restorative processes which make protracted muscular activity possible. 

In addition to oxidation of carbohydrates oxidative reactions of other 
substances (proteins, amino acids, and, probably, fats) may also take place 


* For the sake of simplicity, the formation of hexose from glycogen, as well as the 
reactions of phosphorylation, are omitted. The energy of oxidation of lactic acid is 
not fully utilized for the reduction of glycogen; a considerable part of this energy is 
expended as heat. 
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in muscles functioning within the organism and partly in isolated muscles. 
It has been found that in a muscle poisoned by iodoacetic acid phospho- 
creatine is partly resynthesized at the expense of some oxidative trans- 
formations. Studies of the respiratory quotient (Chapter 34) show that in 
nonstrenuous human muscular work its value usually lies between 0.8 and 
0.9, reaching almost 1.0 in strenuous work. It would therefore be erroneous 
to assume that in the end, when the muscles are normally supplied with 
oxygen, they derive all their energy only from the oxidation of carbohy- 
drates. Without oxidation of carbohydrates, however, no normal muscular 
activity is possible. 

Chemical processes in human muscular activity. The foregoing data on 
the chemistry of muscular activity, obtained mainly on isolated muscles, 
warrant important conclusions concerning human muscular activity. The 
ability of man “urgently” to exert considerable muscular effort testifies to 
the fact that the energy required for work may be libcrated as a result of 
anaerobic reactions. 

Let us consider a simple instance. A man weighing 60 kg. races up a 
flight of stairs seven metres high in 10 seconds. During this time his leg 
muscles perform 420 kg. of mechanical work, which is approximately equiv- 
alent to one kilo-calory (k.cal.). Since no more than 25 per cent of the 
cntire energy liberated in the muscles is transformed into mechanical work, 
the total expenditure of energy required for the performance of this work 
corresponds to 4 kilo-calories. It is known that one litre of oxygen con- 
sumed by man liberates approximately 4.8 kilo-calories (details concerning 
energy exchange may be found in Chapter 34). Hence, in order to make the 
liberation of 4 kilo-calories in 10 seconds of work possible, the con- 
sumption of oxygen by man during this period must amount to about 
800 ml. (80 ml. per second). But at rest man consumes approximately 
200 ml. of oxygen per minute, or about 3.5 ml. per second. In ten seconds 
the consumption of oxygen cannot rise from 3.5 to 80 ml. per second, since 
neither respiration nor the work of the heart, which ensure the supply of 
oxygen to the muscles, is able substantially to increase in so short a time. 
It must therefore be admitted that ihe aforesaid 10-second work could be 
performed only because muscular contractions are possible at the cxpense 
of the energy of anaerobic reactions. 

A very rapid increase in oxidative transformations in the muscles is im- 
possible because the blood brings to the resting muscles a rather limited 
amount of oxygen, enough to cover the expenditure of energy at rest. The 
supply of oxygen to the muscles can increase substantially only with an 
increase in the amount of blood flowing to the muscles. This requires cer- 
tain changes in the activity of the entire cardiovascular and respiratory 
systems: acceleration and intensification of the heart-rate, redistribution of 
the blood, and—as a sine qua non—increased pulmonary ventilation (or 
else the blood which flows through the lungs in much greater quantities 
than at rest will not be fully oxygenated). It requires at least two minutes 
after the beginning of the work for these changes to occur. 

Thus, in considerable muscular work performed in a very short period of 
time the energy output is ensured mainly by anaerobic reactions. In this 
case large quantities of products of anaerobic disintegration accumulate 
and are subsequently oxidized when the supply of oxygen to the muscles 
increases. In our example of a climb to a height of 7 metres in 10 sec- 
onds the total amount of oxygen required for the liberation of 4 kilo- 
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calories amounted to 800 ml., while, say, only 100 ml. was actually con- 
sumed during the work. The remaining 700 ml. of oxygen represent the 
oxygen debt, i.e., the amount of oxygen consumed after performance of the 
strenuous work, over and above the amount of oxygen needed for the 
organism’s normal activity (see page 363). This is accompanied by oxi- 
dation of the products of anaerobic metabolism formed during strenuous 
work. 

lt may be assumed that mechanical work is always performed at the 
expense of the energy of adenosine triphosphoric acid. Glycogenolysis and 
oxidative reactions are prerequisites for the restoration of the adenosine 
triphosphoric acid consumed during muscular work. The difference in the 
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chemistry of the muscles adequately or inadequately supplied with oxygen 
is that in the former case the products of anaerobic disintegration are oxi- 
dized as soon as they are formed, while in the latter case they accumulate 
until the supply of oxygen to the muscles reaches the value of the oxygen 
requirement of the muscles; this value is expressed by the amount of oxy- 
gen necessary to oxidize all the products of anaerobic metabolism formed 
in the muscles. 

Muscles run up an oxygen debt at the beginning of any more or less 
strenuous activity. When the amount of oxygen supplied to the muscles 
per unit of time suffices to oxidize all of the lactic acid formed during that 
time and the other inadequately oxidized products of anaerobic metabo- 
lism, their further accumulation ceases, the products of anaerobic disinte- 
gration are removed as fast as they are formed and a so-called “stable” 
metabolism results (Fig. 192). The excess of products of anaerobic disinte- 
gration formed at the initial period of work, when the muscles were sup- 
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plied less oxygen than they required, may be removed by oxidation aftcr 
work (payment of the oxygen debt). 

After very strenuous and brief work (lasting one or two minutes) the 
oxygen debt may run into 5 to 10 litres. The content of lactic acid in 
the blood increases from 0.01 to 0.15 or 0.20 per cent. In the human organ- 
ism only about one-fourth of the entire amount of lactic acid formed is 
oxidized to CO, and HO; the remaining part is converted into carbohy- 
drates. The liver plays an important part in these processes of glycogen 
resynthesis. 

There is no doubt that not only carbohydrates, but also fats and very 
small amounts of proteins are consumed in the human organism during 
work. The more strenuous the work, the 
more carbohydrates are oxidized as com- 
pared with fats. During prolonged work 
(for example, a march of many hours) the 
stockpile of carbohydrates in the organism 
sharply decreases and in this case an in- 
take of sugar raises the declining effi- 
ciency. 

Heat production in muscular contrac- 
tion. During activity the muscle liberates 
energy not only in the form of mechanical 
work: at least 70 per cent of the liberated Zs 
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energy appears as heat. Helmholtz (1848) 
was the first to observe a rise in tempera- 
ture in tetanized muscles of the frog by 
using the thermo-clecirical method. But 
only the studics of the last 30 to 40 


Seconds 


Fig. 193. Curves of initial heat pro- 

duction (B) and tension (4) of a 

musele. Isometric contraction of 

xartoriug in the frog at O° (after 
Hartree). 


years, particularly those of Hill, have 
made it possible to trace the course of 
heat production both during tetanic contraclion and a single twitch and 
1o compare the heat effect with corresponding chemical transformations in 
the muscle. 


Muscular heat is measured with a thermo-electric battery connected to a sensitive 
valvanometer. The battery consists of many thermo-elements connected in series. Each 
thermo-clement (thermocouple) represents an electric circuit composed of two 
heterogeneous metallic conductors soldered together in two spots. When the tem- 
perature of both junctions is equal, the circuit does not produce any electric current. 
But when a temperature difference arises between the two junctions, the galvano- 
meter switched into the circuit reveals the presence of a current, the electromotive 
force being within certain limits proportional to the difference of temperaturc 
between the two junctions. Hill's method is so sensitive that it is possible to record 
a temperature difference of 0.0000001°. 


The process of heat production during a single muscular twitch consists 
of two phases separated by a certain interval. The first phase is called ini- 
lial heat production; the second, delayed heat production. Initial heat pro- 
duction is similar in aerobic and anaerobic muscular contraction and is, 
consequently, determined by anaerobic reactions. Under isometric condi- 
tions a single twitch of the frog’s muscle produces about 0.003 cal. per gram 
of muscular weight. Delayed heat production, which accounts for 60 per 
cent of the total heat, is observed in the presence of oxygen and persists for 
a considerable time even after a single twitch. This phase is connected 
mainly with oxidative transformations. 
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Initial, i.e., anaerobic, heat production is in its turn characterized by a peculiar dis- 
tribution in time. A considerable part of the heat is liberated during the development 
of tension; then the heat production declines and rises again during relaxation. After 
relaxation 10 to 15 per cent of the cntire initial heat is liberated additionally owing 
to the continued formation of lactic acid from glycogen (Fig. 193). i 

The relationship of the total heat production to its initial (anaerobic) phase varies 
with different conditions of aerobic muscular contraction. For example, during single 
twitches the total heat production exceeds the initial heat production by an average of 
70 per cent; during repeated contractions at intervals of one minute, by 90 per cent: 
and during tetanic contraction, by 2.5 times. This warrants the assumption that dur- 
ing single or infrequent stimulations the contractions are based on a simpler complex 
of chemical transformations which proceed, probably involving very little or no de- 
composition of carbohydrates. 


It will be observed that not all the heat formed by the muscle can be 
detected, since certain reactions connected with the recovery of the work- 
ing capacity of the muscle (resynthesis of adenosine triphosphoric acid, 
phosphocreatine and glycogen) occur endothermally and thus use up part 
of the energy liberated during oxidative and other cxothermal reactions. 


Mechanism of Muscular Contraction 


Many physiologists now regard decomposition of adenosine triphosphoric 
acid as the factor which determines the onset of contraction and supplies 
the energy for it. The formation of lactic acid ensures only the restoration 
of the initial organic compounds. The changes occurring during contraction 
in the anisotropic discs as a result of these chemical transformations are 
explained by various authors differently: either as a swelling of the aniso- 
tropic substance which shortens it, or as an increase in surface tension in 
the anisotropic discs and in their submicroscopic structures; some authors 
regard them as coagulation of colloids in the muscle fibre. 


Since most organic fibrous substances possess double refraction, it was assumed 
long ago that the colloidal particles (micelles) of which these substances were com- 
posed had a crystalline structure manifested in an orderly, uniform arrangement of 
the molecules. Subsequent investigations largely confirmed this assumption. As regards 
striated muscle it was shown that double refraction was inherent in the protein mi- 
celles located along the fibre. Myosin, whose solutions possess the property of double 
refraction, is such a protein in the muscle fibre. 

On the basis of these data Meyer (1929) advanced a theory of muscular contraction 
recently accepted by many physiologists, but not sufficiently substantiated. According 
to this theory the molecules of the muscle protein (myosin), like many other protein 
molecules, are long chains of amino acids combined like peptides, i.c., the carboxyl 
(—-COOH) of one amino acid is combined with the amino-group (—NH:) of another. In 
the resting musclic the long molecules of myosin are grouped into micelles resembling, 
as it were, a loose spiral spring. It may be assumed that when the muscle is stimu- 
lated the reaction of the medium approaches the isoelectric point of myosin which 
possesses amphoteric properties; owing to this both positively and negatively charged 
lateral ion groups are formed. Due to the force of attraction between opposite electric 
charges the spiral-like threads of myosin contract like spiral springs when the latter 
are compressed. 

If the changes in the shape of protein molecules arc to be recognized as the mecha- 
nism of contraction and if these changes are directly determined by electric forces of 
interaction between ion groups with opposite charges, ihe muscle must be regarded as 
a sort of electrodynamic mechanism. This conception greatly differs from all previous 
conceptions that regarded the muscle predominantly as a chemodynamic machine in 
which chemical energy was transformed directly into mechanical energy. 


During the last decade the attention of researchers engaged in the prob- 
lem of the mechanism of muscular contraction turned to the study of the 
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relation of muscle protein (myosin) to adenosine triphosphoric acid. Changes 
in the elastic properties of myosin were discovered, i.e., there was an 
increase in the tensility of the myosin threads connected with the break-up 
of adenosine triphosphoric acid into adenosine diphosphoric acid and phos- 
phoric acid; it also turned out that myosin was an enzyme splitting ade- 
nosine triphosphoric acid (V. Engelhardt and M. Lyubimova, 1939). 

According to later data furnished by other authors, it is not myosin that 
constitutes the contractile substance of the muscle, but actomyosin—a com- 
bination of myosin and actin, another muscle protein. In the presence of 
adenosine triphosphoric acid and potassium ions (in a definite concentra- 
tion) the threads of actomyosin contract sharply due to a loss of a consider- 
able amount of water. 


Fatigue of the Muscle and the Motor Apparatus 


lf the muscle is repeatedly stimulated at short intervals for a long time. 
after a number of contractions the height of the latter gradually drops. This 
drop may reach a point at which the contractile effect fully disappears. 
When dropping, the contractions grow increasingly longer, especially in 
their descending phase: when the contraction is over, the muscle does not 
return to its original length for a long time because it is in a state of so- 
called contracture (page 466). The latent period of contraction is pro- 
longed, while excitability relatively decreases. The absolute strength of the 
muscle and the work performed by it diminish. This drop and even full 
suppression of the functional efficiency of the muscle, which develops as a 
result of its activity, is called fatigue. 

One of the earliest concepts of the mechanism of fatigue was that of 
inanition of an organ as a result of depletion of working material (Schiff). 
Subsequently fatigue was interpreted as obstruction of an organ by waste 
products resulting from metabolism during work (Pflüger). The first cause 
might hold true only of isolated muscles; experiments show that with a 
normal blood supply the content of glycogen in a fatigued muscle docs 
not differ much from normal. The accumulation of metabolites (lactic acid, 
Phosphoric acid, etc.) in a working muscle may reduce its working capacity. 
If a diluted solution of these acids is perfused through the blood vessels 
of an isolated muscle, the latter shows all the symptoms of fatigue. Con- 
trariwise, transfusion of the muscle with Ringer’s solution, which results 
in the elimination of the waste products, restores the contractile activity 
of the muscle, although the latter does not receive any new amounts of 
oxygen or glycogen. 

If the activity of the muscle is studied not in isolation, but in connection 
with the nervous system whence it receives impulses for contraction, it is 
easy to see that work of the motor apparatus produces fatigue first in its 
nervous links (the nerve cells, the endings of the motor nerve). During 
stimulation of the motor nerve, which by its impulses brings the muscle 
into action, fatigue develops first not in the muscle itself, but in the ter- 
minal branches of this nerve.* For example, when the muscle ceases to 


* When a muscle is stimulated from the nerve, phenomena of fatigue should not be 
confused with those of inhibition (with the pessimum of strength and frequency of 
stimulation). Phenomena of inhibition develop in the endings of the motor nerve when 
the latter are sufficiently strongly or frequently stimulated and, unlike fatigue, dis- 
appear when the nerve is stimulated less sirongly or less frequently (see page 514). 
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respond to stimulations applied to the motor nerve through the skin, it still 
continues to produce considerable contractions in response to stimulations 
also applied through the skin but to the muscle itself. It will be shown 
later (Chapter 48) that the nerve fibres themselves are relatively tireless. 

Joint activity of the central and peripheral apparatuses in an integral 
organism produces fatigue first in the central nervous system. This is 





Fig. 194. Mosso’s ergograph. Forearm, index and fourth fingers are fixed. By contractions 
of its flexor middle finger lifts certain load. Movements of finger moving the carriage 
with the quill are recorded on kymograph band. 


revealed, for example, as follows. When the record of human muscular 
contractions connected with the lifting of a certain load and separated 
from each other by short intervals exhibits a considerable decline in the 
contractile effect us a result of the developing fatigue, electric stimulation 
of the corresponding motor nerve applied at the same intervals continues 
to evoke a relatively high contractile effect. 





Fig. 195. Ergographic record of onset of fatigue under contrae- 
tions of various frequency. 


J—one contraction per second; 2- one contraction per two seconda; 3- 
one contraction per four seconds. (Kead curves right to left). 


Phenomena of fatigue developing in man during muscular activity can 
be investigated with the help of the ergograph. A widespread type of this 
instrument is shown in Fig. 194. With the arm fixed and the adjacent fingers 
immovable, the flexors of the middle finger lift a certain load. The con- 
traction of the muscles is recorded by a lever on a slowly rotating cylinder. 
Muscular work can be measured by multiplying the load by the height:to 
which it is lifted. The higher the frequency of contractions, the mpre 
rapidly does fatigue develop, everything else being equal (Fig. 195). With 
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a ten-second interval between the contractions and a not-too-heavy load, 
fatigue may not develop at all. 

Using a two-hand ergograph of his own design to study the efficiency of 
muscles in lifting a load I. Sechenov established a very important fact 
(1903). Comparing the effect produced by complete rest on the efficiency 
of the fatigued right hand with that of the rest, accompanied by the work 
of the left hand, he found that the fatigued right hand recovered its 
efficiency to a greater extent after active rest, i.e., after rest during which 
the left hand worked; in this case the height to which the load was lifted 
by the right hand increased more appreciably than after simple rest (see 
Fig. 242). 

A similar effect on the efficiency of a fatigued hand is produced by 
stimulation of the sensory (afferent) nerves of the other hand by induction 
current combined with rest, by the work of the legs connected with lifting 
a load and by any motor activity in general. A temporary rise in efficiency 
under conditions of active rest is also observed during strenuous activity 
when fatigue makes further work impossible; a short rest combined with 
the work of the other hand or with the stimulation of its afferent nerves 
restores the efficiency of the fatigued hand. 

Thus, active rest, accompanied by moderate work of other muscle groups, 
proves to be a more effective means of fighting fatigue in the motor appara- 
tus than simple rest. These phenomena discovered by Sechenov find prac- 
tical application in the Soviet system of physical culture. 

Sechenov had good reason to connect the cause of the most effective 
recovery of efficiency in the motor apparatus during active rest with the 
action of the afferent impulses from the receptors of the muscles, tendons 
and joints in the working parts of the body on the central nervous system. 
He considered these stimulative influences on the muscle a reflex act 
effected through the higher levels of the central nervous system. He also 
showed that the efficiency of the fatigued right hand likewise increascd 
when the nerves of the left hand were stimulated, while the fatigued 
hand continued working. 

In our time it has been found in the laboratories headed by L. Orbeli 
that the efficiency of a fatigued skeletal muscle increases after stimulation 
of the peripheral section of the sympathetic trunk; this is the so-called 
Orbeli-Ginetsinsky phenomenon (see Fig. 241). This effect is regarded by 
Orbeli as a manifestation of the specific adaptive-trophic function of the 
sympathetic nervous system. A comparison of Orbeli’s data with the 
aforesaid investigations of Sechenov leads to the conclusion that normally 
the sympathetic nervous system is the efferent link by means of which 
the central nervous system reflexly transmits stimulatory influences to the 
fatigued muscular groups. This conclusion finds confirmation in the experi- 
ments in which the Orbeli-Ginetsinsky phenomenon was reproduced 
reflexly by various exteroceplive and interoceptive stimulations, the work- 
ing muscle retaining its connection with the central nervous system only 
through the fibres of the sympathetic nerve. 

The important role played by the higher divisions of the central nervous 
system, especially the cerebral cortex, in removing the phenomena of fa- 
tigue in the motor apparatus is, in part, demonstrated by experiments in 
which indifferent agents coinciding in time with the action of stimuli that 
increase the efficiency of the muscles begin to produce the same effect 
themselves (L. Vasilyev and others). 
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Functional Properties of Smooth Muscles 


In vertebrates smooth muscles are to be found mainly in the viscera and 
are, therefore, often called visceral. As before stated, their activity mani- 
fests itself in slow and prolonged contractions. Both phases of contraction 
of the smooth muscle are greatly protracted. The latent period of contrac- 
tion may last for several seconds, and the full period of contraction in re- 
sponse to a transitory stimulation may run into 20 seconds and more 
(Fig. 196). As a rule, the threshold of stimulation of the smooth muscle is 
higher than that of skeletal muscle. 

In response to repeated stimulations the smooth muscle produces a steady 
contraction resembling tetanus. Due to the slow character of its contrac- 
tions, the smooth muscle can be brought into a state of prolonged and per- 
sistent contraction by stimulations applied at relatively long intervals. For 
example, the muscle of the frog’s stomach produces a continuous contrac- 
tion during stimulations applied at intervals of 5 seconds. 





Fig. 196. Contraction of smooth muscle (curve above zero line). Time marked 
in seconds; stimuli shown on bottom line. 


The ability protractedly to maintain a certain level of tension is charac- 
teristic of smooth muscle not only in invertebrates, but in higher verte- 
brates as well. It will be recalled, for example, that the muscles of the 
arterial walls can remain in a certain state of contraction during the entire 
life of the organism, thereby keeping the blood pressure on a requisite 
level. Similarly, the muscles of the stomach and intestinal tract are in a 
state of at least partial contraction almost during the entire period of 
digestion. 

This form of activity of the smooth muscle is known as tonic tension, 
or simply tone. Its characteristic feature, besides the extremely long and 
stable effect, is a very low energy output. Should the activity of the smooth 
muscles require the same energy output as that of the striated muscles, 
the smooth muscles of the human blood vessels, constituting an incon- 
siderable part of the entire muscular mass, would alone have to use up 
at least one-fifth of all the energy normally consumed by the organism. 
Actually, however, the maintenance of tonic shortening requires but a 
negligible expenditure of energy, exceeded in tetanic contractions of 
skeletal muscle by hundreds of times. 

An insignificant but obvious increase in metabolism during tonic tensions 
and a number of other facts suggest the probability that tonic contraction 
is produced by relatively infrequent impulses (several impulses per second) 
reaching the muscle asynchronously. Therefore, although separate groups 
of muscle fibres, each of which is connected with one nerve fibre, produce 
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incomplete tetanus, the general contractile effect of muscle consisting of 
such numerous groups of fibres appears to be continuous. In this respect 
the tone of smooth muscle comes close to the tonic tension of skeletal 
muscle and manifests itself, for example, in the persistence of a certain 
posture of the animal, by its nature being a weak tetanus produced in 
individual groups of fibres by reflex excitation. 


Mechanism of Movements in Man 


The bone levers, Skeletal muscles are attached to the bones by tendons; in move- 
ments the bones play the role of levers. More often they are levers of the third order, 
since the point of application of power (point of attachment of the muscle) is between 
the point of support (joint) and the point of resistance (for example, 
of a load at the free end of the bonc). The elbow, shoulder and 
knce articulations offer examples of such levers. As a rule the point 
of attachment of the muscle is in these cases near the point of sup- 
port, owing to which even feeble contractions of the muscles are 
sufficient to ensure considerable movements of the free end of the 
bone; overcoming active resistance, however, requires a correspond- 
ingly greater output of muscular energy. 

Bone levers of the second order are less frequent; here the resist- 
ance acts between the joint and the point of attachment of the 
muscle. The role of such a lever is played, for example, by the foot 
with a person standing on tiptoes, the ball of the foot serving as a point 
of support; the tendon of Achilles of the gastrocnemius muscle is the 
point of application of power; the weight of the whole body com- 
municated to the foot through the tibia forms the resistance which 
is being overcome, Since the point of application of power here 
is further from the point of support than the point of application 
of the load, the force developed by the muscle is correspondingly 
smaller than the body weight which it has to overcome. 

Lastly, bone levers of the first order, with the point of support 
between the point of resistance and the point of application of power, 
are found where the maintenance of equilibrium is required. Such is. 
for example, the atloido-occipital articulation, where the articulation 
itself is the point of support, while the anterior part of the skull is 
the load and the tension of the occipitocervical muscles is the power. 

The hip-joint and the ankle-joint belong to the same type, The Fig. 197. Posi- 
farther the point of application of muscular power from the point tion of ‘plumb 
of support, the smaller the power required to maintain equilibrium. line (arrow) 

The direction of the movements of the bones depends on the form drawn through 

; R A ; K 
of articular surfaces which determines freedom of movement of the body’s centre of 
articulated parts. An unconstrained solid body can perform both ‘gravity 
translational and rotatory movements in three dimensions. Thus, oi 
it possesses six degrees of freedom of movement. In joints, how- 
ever, the flxed position of the bones reduces the freedom ot movement, which in no 
case excecds three degrees. Joints with three degrees, two degrees and one degrec of 
freedom of movement are therefore distinguished. 

One of the joints that possesses three degrees of freedom is the scapulohumeral 
articulation which allows the shoulder to move in three directions: 1) flexion and 
extension in the saggital plane; 2) adduction and abduction in the frontal plane, and 
3) rotation of the arm on its longitudinal axis. This group of joints also includes the 
hip-joint and the mandibular articulation which permits the mandible to move upward 
and downward, right and left, forward and backward. 

The joints possessing two degrees of freedom include the humeroradial joint which 
permits flexion and extension of the forearm and its rotation in relation to the hume- 
rus, and the knee-joint which allows flexion and extension and, when the leg is bent, 
also rotation of the leg in relation to the thigh. 

Of the joints which possess one degrec of freedom mention can be made of the 
humero-ulnar articulation and the phalanges of the fingers. Joints which possess more 
than one degree of freedom are served by different groups of muscles ensuring move- 
ment in all directions accessible to the given joint. 

Standing. Muscles are required not only to move various parts of the skeleton, 
but also to maintain body equilibrium as, for example, in upright standing. If the 


31 481 


whole body represented a column, immovable in any of its parts, the maintenance of 
its equilibrium in an upright posture would only require a perpendicular, dropped 
from the body's centre of gravity, to pass through the supporting plane formed by the 
feet. 

The centres of gravity of separate parts of the body, however, do not lic perpendic- 
ularly to the articular points of support; tension of corresponding muscular groups is, 
therefore, required to maintain these parts in a state of equilibrium. For example, the 
centre of gravity of the head is situated in front of the centre of the atloido-occipital 
joint; to fix the head in a vertical position, therefore, requires constant tension of the 
cervico-occipital muscles. Furthermore, the centre of gravity of the trunk (with the 
head and arms) passes behind the line which connects both hip-joints. The trunk is 
prevented from falling backward by the tension of m. ileopsoas and partly m. rectus 
fermoris, Finally. a perpendicular dropped from the centre of gravity of the whole 
body (somewhat below the promontory) passes in front of the line which connects both 
ankle-joints (Fig. 197). Here, too, the body is prevented from falling forward by the 
contraction of a number of muscles, including the gastrocnemius muscles. 

Standing is thus ensured by the continuous activity of a large number of muscles. 
The fact that they perform considerable work is denoted, for example, by an increase in 
the gaseous exchange, which in some cases reaches 22 per cent over its volume at rest. 

Walking and running. In upright stunding a perpendicular, dropped from the 
general centre of gravity of the human body, crosses the supporting arca between the 
feet. If the body is placed in a position with the centre of gravity over one foot, it 
becomes possible to lift and move the other leg. It is in this way that the process 
of walking is normally effected; cach Jeg alternately plays the role of a supporting 
and of a moving extremity. When one leg supports the trunk, the other is thrown for- 
ward, touching the ground first with its heel and then with the entire sole. In straight- 
ening, this leg takes over the weight of the forward-moving body. The previously sup- 
porting leg leaves the ground, though still touching it with the tip of the foot as the 
weight of the body shifts to the other Jeg. As it straightens out, it pushes the body for- 
ward and, following the latter, also comes forward in a slightly bent position in order 
at the next moment to reassume the role of a supporting leg, etc. 

Thus, in walking, the trunk rests upon one leg, but there are moments when both 
feet touch the ground simultancously. Unlike this, in running the rear leg becomes 
dctached from the ground by a strong extension before the front leg touches the 
ground, the body suspended for some time in the air. Owing to this, the body has a 
much greater range of vertical displacements in running than in walking. 


CHAPTER 48 
PHYSIOLOGY OF THE NERVE 


Structure and Function of the Nerves 


Nerves are cordlike structures consisting of fibres, each of which is 
formed by a process (axon) of a nerve cell lying either in the spinal cord 
and brain, or in special aggregations of nerve cells—the spinal and sym- 
pathetic ganglia. The nerve fibres are divided into afferent (centripetal, or 
sensory) and efferent (centrifugal, and, in particular, motor), depending 
on whether impulses are conducted from the peripheral receptor appa- 
ratuses to the central nervous system, or from the central nervous system 
to the effector organs (muscles and glands). Usually the same nerve trunk 
contains fibres of both kinds (mixed nerves). 

The main part of a nerve fibre is formed by the axis-cylinder, or axon, 
which represents a continuous long process of the nerve cell. This process 
is surrounded by sheaths together with which it forms the nerve fibre. 
Depending on the type of the sheaths, the nerve fibres are myelinated or 
unmyelinated. 

The axis-cylinder consists of neurofibrils which are evenly distributed 
in the neuroplasm and run along the fibre in the shape of parallel fila- 
ments. In a myelinated fibre the axis-cylinder is surrounded by a myelin 
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sheath and externally covered by a neurilemma, or Schwann’s sheath. The 
myelin sheath imparts a characteristic white tint to the fibre; in some 
places (in the so-called nodes of Ranvier) it is interrupted, and the axis- 
cylinder is covered only by the neurilemma. In an unmyelinated fibre 
there is no myelin sheath, while the neurilemma is in most cases retained. 
Myelinated nerve fibres constitute the bulk of the cerebrospinal nerves. 
Unmyelinated fibres prevail in invertebrates; in vertebrates it is mainly 
the postganglionic fibres of the vegetative nervous system and some 
afferent fibres, such as the fibres of pain sensibility, that are unmyelinated. 

According to the prevailing point of view, the neurofibrils play the role 
of conducting elements. The dircct participation of the neurofibrils in the 
conduction of excitation is testified to both by the continuity of the 
fibrillar structure along the entire length of the axis-cylinder and by the 
parallelism between the rate of conduction and the degree of development 
of the fibrillar structures. There is no sufficient ground, however, to con- 
nect the function of conduction exclusively with the neurofibrils and to 
disregard the role of the interfibrillar ncuroplasm. The conduction of 
excitation can be better explained if we proceed from the inter- 
action between the fibrils and the interfibrillar substance. Moreover, 
attempts have been made (by Peterfi) to show that in a resting living nerve 
fibre the fibrillar structure does not appear in the shape of continuous fila- 
ments, but reveals the presence of colloidal micelles in the nerve, which 
are oriented along the length of the nerve and come together during stimu- 
lation. 

Nor is the role of the myclin sheath quite clear. The most plausible sup- 
position is that the fatty covering somehow ensures a high rate of con- 
duction of nervous impulses by which, generally speaking, the myelinated 
fibres differ from the unmyelinated fibres. At least observations have been 
described showing that the rate of conduction in a nerve fibre depends on 
the electric conductivity of the medium by which it is surrounded. As to 
the insulating properties of the myelin sheath, they are clearly enough 
testified to by the fact that clectric stimulation acts upon the nerve fibre 
only in the nodes of Ranvier, i.c., in those sections where the myelin sheath 
is interrupted. 


Fundamental Laws of Nervous Conduction 


The conductivity of a nerve, i.e., its ability to transmit excitation. is 
governed by the following laws. 

1. The integrity and physiological continuity of the nerve fibre is an 
indispensable condition for the conduction of excitation. Not only the 
transection but the ligature of the nerve, which does not violate its anatom- 
ical integrity, makes impossible the conduction of impulses (“law of 
physiological integrity of the nerve”). 

2. Excitation spreading along a certain nerve fibre is not transmitted to 
the adjacent fibres running in the same nerve trunk (“law of isolated con- 
duction”). This property is demonstrated by the possibility of localizing 
precisely the effect of stimulation of the receptor apparatuses and by the 
possibility of performing strictly coordinated movements. 

3. Each nerve fibre is able to conduct excitation in both directions, i.e., 
to the centres and from the centres, or centripetally and centrifugally 
(“law of two-way conduction”). This is proved by the fact (DuBois-Rey- 
mond) that the stimulation of the middle part of an excised unmixed nerve 
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results in electric changes at both ends of the nerve characterizing an active 
state of the tissue (Chapter 50). 

Direct physiological proof of two-way conductivity was obtained by 
A. Babukhin (1877), a Moscow physiologist and histologist, on the nerve 
of the electric organ of the Nile sheat-fish (Malopterurus electricus). This 

fish, like other electric fishes, can pro- 
duce electric discharges in the water 
and utilize them both for defence and 
attack. In the sheat-fish the electric 
organ, which consists of a series of 
columns divided into alveoli, is 
located directly under the skin on both 
a Sides of the body. Each half of the or- 
gan is innervated by a big nerve cell 
situated in the anterior part of the 
spinal cord. A nerve extends from the 
cell to the organ; it is a single nerve 
fibre which, together with the sheaths, 
is about one mm. thick. Near the or- 
gan the fibre divides into numerous 
branchings which innervate the indi- 
vidual alveoles of the organ. 
a Separating the nerve fibre from the 
nerve cell by transection and remov- 
ing the middle part of the electric or- 
gan, Babukhin stimulated the distal 
end of some nerve branching isolated 
and transected beforehand (Fig. 198). 
The stimulation provoked discharges 
both in the upper and lower parts of 
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Fig. 198. Diagram of Babukhin’s experi- 
ment. 


K--nouron sending fibre to olectrio organ 
(A.C); P.--point whero norve fibro is cut; B— 


the organ. In an iso'ated branching ex- 
citation apparently spreads in an un- 
usual, centripetal direction and upon 
reaching the unramified fibre is trans- 


part of clectric organ romoved during exporimont 

(shadud) (uftor N, Wodensky). mitted toother branchingsalong which 
it travels in the centrifugal direc- 
tion to the electric organ. Such transmission of excitation within the limits 
of the same axon (the so-called axon-reflex, see page 534) does not con- 
tradict the law of isolated conduction, since the latter only states that the 
nerve fibre as a whole conducts excitation in isolation from the neighbour- 


ing fibres of the same nerve trunk. 


Similar proof of the two-way conductivity of the nerve fibre was also obtained by 
Kühne (1886) on m. gracilis of the frog. This muscle can be divided into two parts so 
that they communicate only by a nerve branching separated from the centres before- 
hand. It turns out that stimulation of one part of the muscle brings about a con- 
traction also of the other part. 


Rate of Conduction of Excitation 


Until the middle of last century it was thought that excitation was prop- 
agated in a nerve at an extraordinary high speed approaching the veloc- 
ity of light. The more surprising, therefore, were the results obtained by 
Helmholtz in measuring this velocity in 1850. By using a very ingenious 
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method of galvanometric measurement of time, Helmholtz found that the 
velocity of conduction of excitation was actually comparatively low; for 
the motor nerve of the frog it was only 27 m. per second. Later, Helmholtz 
demonstrated it by myographically recording two muscular contractions 
evoked from two points of the nerve located as far apart as possible. The 
difference between the latent 

periods of both curves shows 7 N 2 

the time during which the 
excitation is propagated between 
the two stimulated points of 
the nerve (Fig. 199). 

It was subsequently possible 
to measure the velocity of nerv- 
ous conduction more accurately 
by recording electrical changes 
attending the passage of the nerv- 
ous impulse in the form of so- 
called action currents (Chapter 
50). This electrographic method 
is equally applicable to afferent 





and efferent nerves. 

The rate of conduction of im- 
pulses varies in different nerves 
and in different animals. The 
efferent motor fibres possess the 
highest conduction rate, the 
afferent fibres of tactile and 
thermal sensibility a somewhat 
lower rate, and the fibres of pain 
sensibility the lowest rate. For 
example, the conduction rate in 
the human motor fibres is from 
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Fig. 199. Two single contractions of the frog’s 
nerve-muscle preparation successively recorded 
during stimulation of the nerve (N) from elec- 
trodes located: 7--near vertebra (V) and 2 -- 
near musclo (M). 
Differonco betwoon latent coutraction periods (marked 
by horizontal lino between curves) shows timo (0.002 
second) it took to propagute excitation along nerve From 
vlectrodo farthest from muscle (7) to that loseat to 
muscle (2); distance botwoon luctrodesd conntit ites Gem, 
(soo top of figure). Bolow.---time recorded by tuning fork 
with 500 oscillations por second. Wavo of excita jon trav- 
eed Ge * 1/500 second, he elocily of lu propa- 
gation corresponds to 30 m{ace. 


60 to 120 m. per second; in the 
fibres connected with pain sensation and in the fibres of the vegetative 
system this rate is from 1 to 30 m. per second; in thin unmyelinated nerves 
it is the lowest. In the motor nerves of the frog the conduction rate is approx- 
imately 30 m.; in the nerves of the claw of the crawfish, from 6 to 12 m.; 
and in the nerves of molluscs, from 0.44 to 4 m. per second. 

According to observations of a number of authors, there exists a definite 
dependence between the conduction rate and the diameter of the nerve 
fibre: thicker fibres possess a greater rate of conduction. 


Metabolism and Heat Production in the Nerve 


The liberation of energy and metabolism in the nerve fibres are insignif- 
icant. They could be investigated only during the last 20 to 30 years. It has 
been found that a nerve continuously consumes oxygen and liberates CO». 
The respiratory quotient for the nerve of the frog is close to 0.8. This shows 
that not only carbohydrates are oxidized in the nerve. During excitation of 
the nerve both the consumption of oxygen and the liberation of CO, in- 
crease. For instance, at rest the sciatic nerve of the frog liberates 0.008 mg. 
CO, per 1 gr. of the nerve per minute; during artificial stimulation it gives 
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off approximately 16 per cent more. In an anaerobic medium the nerve 
loses both its excitability and conductivity. 

Reversible disintegration of phosphocreatine apparently takes place in 
the nerve during stimulation: 0.15 mg. of H3PO, per 1 gr. of the nerve is 
formed as a result of two-hour tetanization. Formation of lactic acid and 
ammonia in the nerve has also been observed. 

Not only metabolism but also heat production increase in the active nerve 
though considerably less than in the muscle. The passage of one nervous 
impulse in one nerve fibre over a distance of one cm. causes additional (in 
comparison with the resting state) liberation of heat which equals to 10—” 
cal. On the whole active nerve liberates approximately 0.000001 of the 
energy liberated by the active muscle. Initial and delayed heat production 
is observed in the nerve, as in the muscle, the former amounting only to 
one-tenth of the latter. 


Relative Indefatigability of the Nerve 


The low level of metabolism in the nerve is closely connected with its 
extremely low fatigability. As shown by N. Wedensky in 1884, a nerve can 
be continuously stimulated by induction current for many hours without 
any appreciable weakening of its action on the muscle. 

In order to show the tirclessness of the nerve by using muscular con- 
traction as an indicator of its efficiency, it is necessary to safeguard the 





Fig. 200. Changes in action currents of a nerve during its protracted 
stimulation. 


Action currents of the frog's sciatic verve; J---in beginning of atimulation by in. 
duction current: ZJ. nt end of 15-minute stimulation by induction shoeks with 
frequency of 250 por second. Second curvo shows considerable drop in amplitude of 
action currontsé and 50 per cent diminution in their frequency. Velocity of propaga- 


tion in nerve diminishes at the same time, whieh is shown by lengthening of inter- 
val between amall notch pointed downward (stimulation artefact) and beginning 
of next action current. Taterval between vertical marka corresponds to 0.01 second 


(after V. Delov), 


easily tiring muscle from the continuous action of nervous impulses. For 
this purpose Wedensky suggested a special method which he named the 
method of minimal polarization. This method is based on the fact that a 
relatively strong direct (polarizing) current passing through a certain sec- 
tion of the nerve makes it nonconductive (Chapter 49). Protracted action 
of a strong current, however, leaves a persistent aftereffcct in the nerve, 
and the latter does not recover its conductivity immediately after the cur- 
rent is switched off. Having discovered that the nonconductivity produced 
by the action of a strong current in a certain section of the nerve can be 
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maintained by increasingly weaker currents, Wedensky proposed to keep 
up this nonconductivity by a minimal, but still adequate current. By means 
of a minimal current nonconductivity can be maintained in the nerve for 
hours; but when the polarizing current is broken the nerve recovers its 
functional ability at once. This method of temporary exclusion of nervous 
conductivity is often used in physiological experiments, since it allows 
rapidly to produce or eliminate nonconductivity in the nerve and to main- 
tain it for a long time, without any marked aftereffects. 

Stimulating the proximal part of the nerve by induction current and 
maintaining nonconductivity in its distal section near the muscle, Weden- 
sky showed that the nerve retained its efficiency even after 9 to 12 hours 
of continuous stimulation at a frequency of 50 to 100 per second; when the 
blockade of nervous conduction was removed, the muscle continued to 
react with tetanic contraction. 

In comparison with the muscle and, as we shall see later, in comparison 
with the nerve ccll, the nerve is relatively tireless. This does not mean, 
however, that there are no modifications in the functional properties of the 
nerve during its activity. In the first minutes of frequent rhythmic stimu- 
lation of the nerve its refractory phase is prolonged (I. Beritov), the heat 
production per impulse decreases (Hill) and a number of other changes take 
place, including a decrease in the rate of conduction of impulses. These 
changes are particularly pronounced when the nerve is stimulated at a 
relatively high frequency. Fig. 200 shows the fall of the amplitude and the 
modification of the form of action currents in the nerve as a result of 
stimulation by induction current at a frequency of 250 per second for 15 
minutes. 

The functional changes, which under frequent stimulations develop in 
the nerve quite rapidly during the first minutes of the stimulation, later 
assume certain stability maintained for many hours. 


CHAPTER 49 
EXCITABILITY OF NERVES AND MUSCLES 


As before stated, both the nerve and the muscle possess the property of 
direct excitability. But since it is the reaction of the muscle that in most 
cases serves as an indicator of the active state of the nerve, it is more ex- 
pedient to study nervous and muscular excitability together. It is possible, 
of course, to investigate muscular and nervous excitability separately by 
making use, in the former case, of those sections of the muscle which are 
deprived of motor innervation and, in the latter case, by taking the corre- 
sponding changes in the electric potential as an indicator of nervous exci- 
tation (Chapter 50). But such investigation leads to the conclusion that the 
laws of stimulation are, on the whole, the same in both cases. Since there 
is no qualitative difference between them, the principal aspects of nervous 
and muscular excitability can be considered jointly. 

As already stated, both objects can be brought into their specific active 
state by diverse artificial means. But of these means only electric current 
makes it possible precisely to graduate the strength, duration and form of 
the stimulating action without causing any irreversible injuries to the 
tissue. Owing to these properties of electric current, neuromuscular exci- 
tability was investigated mainly by the method of electric stimulation. 
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Polar Action of Electric Current and Electrotonus 


Already Volta knew that constant current stimulated a nerve or muscle 
only at the moments of its make and break. Similar action is produced by 
rapid intensification or weakening of the current. Moreover, DuBois-Rey- 
mond provided a number of facts showing that the stimulating action of 
electric current al its make or break was connected with opposite poles. But 
it is mainly Pflüger (1859) to whom physiology owes the knowledge of the 
fundamental laws governing the action of a constant current upon the 
nerve and muscular tissues. These include, first of all, the so-called law of 
polarity of stimulation. According to this law: 

1) at the make of the stimulating current (or when it is boosted) exci- 
tation arises in the region of the negative pole (cathode) and from there 
spreads to the remaining part of the muscle or nerve; 

2) at the break of the current (or when it is weakencd) excitation arises 
in the region of the positive pole (anade); 

3) with the same strength of the current the stimulating action at the 
make of the current is more pronounced than at its break. 

The correctness of these propositions can be proved by the following 
experiments. Stimulation of a very tired or dying muscle produces only 
local, so-called idiomuscular contraction. 
If such a muscle is stimulated by con- 
stant current, it contracts locally at the 
cathode at the moment of its make, while 
at the moment of its break it contracts 
at the anode. In a normal muscle this 
rule can be proved by recording the 
propagation of the contraction wave 
along the muscle. 

In a nerve the polarity of the emer- 
gence of excitation finds expression, for 
Fig. 201. Electrotonic changes of exci- example, in the fact that after ligature 
ENA an ns pale oe of the nerve between the anode and the 

ode ond cathode, Kavitation ia tated hy cathode the muscle contracts only at 
A Toa ei ML rom AAN T the make of the current if the cathode is 
Drop of dotted line below nervo corresponda closer to the muscle, or only at the break 
to drop in oxcitation (region of anode). Courae å H 4 
of thie line above norvo marks riso in exei- if the anode is closer to it. 
tation (egion of cathode). The action of the poles of constant 
current on nervous and muscular 
tissues is not confined to a transitory effect in the form of a wave of exci- 
tation. When the current passes through tissues, their excitability changes 
near the electrodes of the constant current. 

This can be easily seen when determining the threshold of stimulation 
by means of electrodes of an induction current before the make of the con- 
stant current and during its passage (Fig. 201). Excitability in the region of 
the cathode is increased, while in the region of the anode it is decreased. 
These changes in excitability, created by the passage of constant current 
and described by Pfliiger, are called physiological electrotonus; it manifests 
itself either in the form of catelectrotonus characterized by heightened 
excitability and conductivity in the region of the cathode, or as anelectro- 
tonus characterized by lowered excitability and conductivity in the region 
of the anode. The electrotonic changes of excitability spread over some 
distance both in the extrapolar (beyond the poles of the constant current) 
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and intrapolar (between the poles) areas of the nerve. Between the poles of 
the current there is an “indifferent point” where excitability remains in- 
variable. 

After the break of the constant current transient and less pronounced 
reverse excitability changes are observed beneath the poles, i.e., a decrease 
in excitability in the region where the cathode was located and an increase 
in the former region of the anode. 

B. Verigo, Russian physiologist (1883), essentially supplemented these 
observations of Pfliiger; he showed that when a strong constant current 
passed through the nerve, heightened excitability beneath the cathode was 
soon succeeded by its decrease and even by complete suppression of exci- 
tability and conductivity, i.e., cathodal depression developed. 

Electrotonic changes in excitability due to the passage of constant cur- 
rent are less pronounced in the muscle than in the nerve and are confined 
to the narrow region of electrode application. 


According to Wedensky’s observations (1922), the excitability changes along the 
nerve during the passage of constant current are not limited to the aforesaid elec- 
trotonic regions. Simultancously, beyond the region of the catelectrotonic increase 
in excitability the latter decreases, while beyond the region of the anclectrotonic 
decreased excitability, the latter increases. These reverse changes in excitability 
observed along the nerve beyond the electrotonic regions Wedensky called peri- 
electrotonus;* he designated the diminution of excitability beyond the limits of catelec- 
trotonus as pericatelectrotonus, and the increase in excitability beyond the limits 
of anelectrotonus as perianclectrotonus. Perielectrotonic changes in excitability are 
considerably less pronounced than electrotonic changes. 

The concepts of perielectrotonic excitability changes, which develop along the 
nerve, have recently been uscd by some authors for interpreting the mechanism of 
protracted, impulseless influences from the nervous centres, transmitted along the 
nerve; but these authors sometimes overlook the decrement in the propagation of 
electrotonic and perielectrotonic influences. 


The foregoing laws make it possible to elucidate the phenomena observed 
during stimulation of the nerve by makes and breaks of constant current of 
different intensities. As should be expected, muscular contraction is ob- 
served only at make when a weak current is applied (Table 24). When the 
current is of moderate intensity, the muscle contracts both at break and 
make of the current. But when the nerve is stimulated by relatively strong 
current, contraction is observed cither only at break, in ascending current 
(the anode is closer to the muscle), or only at make, in descending current 
(the cathode is closer to the muscle). 


Table 24 


Action of Makes and Breaks of Constant Current of Diffcrent 
Intensities Upon the Nerve 
(+ Bignifies the presence of contraction, — signifos its absence) 
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* Peri (the Greek //Jeg?) means around. 
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This specific feature characterizing the action of strong currents may 
have the following explanation. At make of a strong ascending current 
muscular contractions are absent because the excitation arising beneath the 
cathode becomes extinguished on its way to the muscle in the region of the 
anode where excitability and conductivity are suppressed. But at break of 
a strong descending current the absence of a muscular effect is determined 
by the fact that the excitation arising beneath the anode is extinguished on 
its way to the muscle in the region of the cathode where the disappearance 
of strong catelectrotonus is accompanied by a considerable decrease in 
excitability and conductivity. 

In some cases at make or break of a strong constant current the effect of 
muscular contraction is not manifested in a single twitch, but in a tetanic 
contraction, i.e., in anodal closure or anodal opening tetanus. Observations 
show that in these cases, too, excitation arises at the cathode when the 
current is closed and at the anode when it is broken. 

The law of polarity is also effective when brief electric shocks act upon 
the excitable tissue, in particular when these are induction shocks created 
by interruptions of the current in the circuit of the primary coil. If the 
passage of the current is very brief, however (in induction shocks it usu- 
ally constitutes about 0.001 second), excitation arises only at the cathode at 
the moment the current is boosted. The stimulating action of the anode at 
the moment the current disappears cannot manifest itself because of the 
short period of nonexcitability (refractivity) which sets in after the pre- 
vious excitation. 


Polarity of Stimulation of Human Nerves and Muscles 


Electrotonic changes in the excitability of the nerves and muscles during the pas- 
sage of constant current can also be observed in man. For this purpose the electrodes 
are applicd to the skin surface along the course of a nerve, for example the ulnar 
nerve (n. ulnaris) (Fig. 202). The results thus obtained are considerably more complex 
than in the case of an isolated nerve due to the distribution of the current within the 





Fig. 202. Dingram of distribution of current lines of force 
in tissues of the arm during galvanization of ulnar nerve. 


tissues. Upon entcring the nerve in the region of the anode (aa) the lines of force of 
the current reduce excitability and upon leaving the nerve in the region of the 
cathode (ec) increase excitability in this section of the nerve. But not the entire 
current passes through the nerve. Some of the lines of force Icave the nerve near 
the anode creating here a secondary cathode with a corresponding rise in excitabil- 
ity (cc); contrariwise, some of the lines of force enter the nerve from the surround- 
ing tissues near the cathode thereby anclectrotonically reducing excitability (aa). 
Electrodes of different sizes are ordinarily used with electric current for diagnostic 
and therapeutic purposes. An electrode with a small surface, or a so-called active 
electrode, is applied to the skin over the nerve or muscle to be stimulated, while 
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the other electrode having a larger surface is applied to a remote part of the body. 
This method is called unipolar stimulation, since in this case the stimulating effect 
generally manifests itself only ut the active electrode due to the much denser cur- 
rent beneath it. 

Depending on whether the active electrode is the cathode or anode, cathodal clo- 
sure and anodal opening contractions are obtained under these conditions according 
to the law of polarity. In addition, anodal closure and cathodal opening contractions 
are observed; these are, apparently, condilioned by the action of secondary opposite 
poles formed near the active electrode. The quantitative correlations between these 
four kinds of stimulation which were first investigated by Brunner in Petersburg 
(1862-1863) enabled this scientist to establish a detinite law which was called the 
electrodiagnostic law of contraction. If stimulation is begun by a weak current, con- 
traction is obtained only at make of the current when the active electrode is the 
cathode (cathodal closure contraction—CCC). With a medium current tension anodal 
closure (ACC) and anodal opening (AOC) contractions are also observed. When 
strong currents causing pain sensations are applied cuthodal opening contraction 
(COC) is added. In this case instead of cathodal opening contraction cathodal closure 
tetanus (CCT) is obtained: the latter persists throughout the passage of the current. 
In accordance with this, the law of contraction can be presented as follows: weak 
currents—CCC; medium currenits—CCC, ACC and AOC; strong currents—CCT, ACC, 


AOC and COC. 
This law is equally applicable to stimulations of nerves and muscles. 


Role of the Time Factor in Processes of Stimulation and Excitation 


The excitability of various nerves and muscles differs even in the same 
animal; it varies with the functional state of the tissue. For example, the 
excitability of a fatigued muscle is lower than that of a fresh muscle. 

A simple method of comparative measurement of excitability consists in 
determining the thresholds of electric stimulation, i.e., in determining the 
minimal tension or minimal strength of the current at which the effect of 
excitation first begins to appear. It was pointed out long ago, however, that 
the stimulating action of the current was determined not only by its ten- 
sion. For instance, a constant current of moderate tension produces stim- 
ulation not only when the circuit is closed or broken, but also as a result 
of rapid alterations of its tension. But if the nerve is stimulated by a cur- 
rent of slowly increasing tension, which can be attained by a gradual dis- 
placement of the rheochord slider, the current can be considerably boosted 
and then, also gradually, reduced to zero without causing any muscular 
contraction. Meanwhile a much weaker current produces maximal effect 
at instantaneous makes or breaks. 

Proceeding from these facts, DuBois-Reymond (1848) formulated his 
law of stimulation, according to which the stimulating action of a current 
depends not on the absolute value of tension or density of the current but 
on the rapidity of change in the current: the more rapid this change, the 
more pronounced the stimulating action of the current. 

This law was widely accepted for a long time, but numerous facts that 
did not fit in with this law were gradually accumulated. These facts clearly 
showed that when a current was passed through the tissue for a short time, 
the duration of its action assumed essential importance. Such facts were 
mentioned already by Fick (1863), Lamansky (1868) and others. Professor 
I. Shchelkov of Kharkov pointed out in his text-book of physiology in 1871 
that for the attainment of a state of excitation in a nerve the current must 
flow in this nerve for a definite period of time; this period is very insignifi- 
cant (less than 0.001 second), and it is the shorter, the greater the tension 
of the current. Shchelkov also indicated that not only a very short electri- 
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cal stimulus, but also a very rapid mechanical stimulation failed to produce 
any excitation in the nerve: it is possible rapidly to transect a nerve with- 
out producing any contraction in the muscle which is connected with it. 

The significance of the time factor is manifested with particular force in 
slowly reacting tissues, for example, in the smooth muscles of invertebrates 
and vertebrates. In experiments with stimulating the rabbit’s ureter (Engel- 
mann, 1870) by constant current at tensions of 500, 25 and 12 conventional 
units the minimal duration of the current required to produce a contrac- 
tion was respectively 0.5, 2 and 4 seconds. In other words, the weaker the 
stimulating current, the longer must it act upon the tissue to produce a 
threshold effect of excitation. 

B. Verigo (1888) showed that during rhythmic stimulation of a nerve- 
muscle preparation the development of tetanus required that, in addition 
to adequate tension and frequency of stimulation, the duration of separate 

shocks of the current 
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action; t: OA--chronaxic; OB= 2b- double rheobase. curve approximates to 
an equilateral hyper- 
bola and its form is the same for all living tissues (Lapicque). It testifies to 
the fact that in the region of small time intervals (to the left of point R) 
the threshold tension (or strength) of the current is inversely proportional 
to its time of action ratio: the shorter the action of the current, the greater 
the tension to produce a threshold effect. But beginning with a certain 
long duration (to the right of point R) the time factor ceases to influence 
the value of the threshold tension of the current, and the curve runs prac- 
tically parallel to the abscissae. 
The curve shows that each tension of the current has a corresponding 
minimal time of action on the tissue required to produce excitation.” If at 
a given tension the time the current passes through the tissue is prolonged 





* In order to determine this duration on the curve, it is necessary to drop a per- 
pendicular from the point of the curve, which corresponds to the given voltage of the 
current to the abscissac where the duration from the beginning of the action of the 
current is plotted. The length of the section of the abscissae thus obtained will ex- 
press the time during which the current of the given tension develops its stimulating 
action. For example, in Fig. 203 we see that at a tension of 20 V the current must act 
on a skelctal muscle at least 0.001 second to produce excitation, while at a tension 
of 40 V 0.0001 second suffices to obtain the same effect. 
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above the minimal duration, there will be no change in the onset of the 
effect of excitation and no second outburst of excitation (unless very high 
tension is applied). Only that minimal duration will be effective with regard 
to the development of excitation which at the given tension of the current 
cannot be reduced without the current losing its stimulating action. 

From the same curve it follows that a minimal tension of the current 
is required to produce excitation whatever the duration of the currents 
action. If in this case, for example, the tension of the current is below 
20 V, it will produce no excitation whatever the duration of its action. 
Point R on the curve shown in Fig. 203 is, as it were, the critical point: to 
the left of it any decrease in the duration of the current’s action requires 
an increase in its tension, while to the right of it no increase in the duration 
of the current’s action on the tissue will decrease its tension necessary to 
produce excitation. 

The minimum potential of electric current necessary to produce stimu- 
lation is called the rheobase. It is the threshold of excitation for a constant 
current. A current of 
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equal to the rheobase 
must act upon the tissue 
to produce excitation is called the utilization time of a rheobasic 
current, or simply utilization time. To the right of point R, which deter- 
mines the value of the utilization time, the curve becomes parallel to the 
abscissae. From that moment on the law of DuBois-Reymond which dis- 
regards the significance of the duration of stimulation comes into force. 

For rapidly reacting skeletal muscles of vertebrates the utilization time 
is very short. For the sciatic nerve and the gastrocnemius muscle of the 
frog it is about 0.003 second. Hence it is clear why DuBois-Reymond, who 
dealt with this object, could not see the dependence between the threshold 
tension of the current and the duration of its action, since he reduced the 
duration of the current only to 0.01 second. For slowly reacting muscles 
the utilization time is hundreds and thousands of times as long. 

As before stated, the form of the curve characterizing the excitability of 
the tissue with regard to the intensity and duration of.the stimulus is the 
same for most diverse tissues. The excitability curve is of the same form 
for the frog nerve-muscle preparation, for the leg of the snail and for the 
spirogyra (Fig. 204). It is only the respective absolute values and first of all 
the duration value which differ: whereas for the skeletal muscle of the frog 
the utilization time is expressed in thousandths of a second, for the spirogyra 
it is measured by tenths of a second. These facts lead to the conclusion 
that the excitability of any tissue is subject to the same law, differing only 
in its time constant. 
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The establishment of the foregoing experimental curve, however, re- 
quires much time in each case. It was, therefore, important to find a charac- 
teristic point on this curve that would allow rapidly and accurately to esti- 
mate the “time scale” peculiar to each tissue. This role could be played by 
the value of the utilization time, but point R, situated in the most gently 
sloping part of the curve where slight changes along the ordinates are 
accompanied by considerable changes along the abscissae, cannot be deter- 
mined with sufficient precision. 

On the strength of this, for the purpose of characterizing excitability 
from the point of view of the time factor, Lapicque proposed to determine 
the shortest period of time during which a current double the rheobase 
must act upon the tissue to excite contraction. This value was named the 
chronazie. For each excitable tissue the chronaxie is approximately onc- 
tenth the utilization time (the latter itself, as we have seen, expresses the 
shortest time during which a current having a potential of one rheobase is 
already able to produce excitation. The chronaxie is usually expressed in 
thousandths of a second; the rheobase, in volts. 


The curve which expresses the correlation between the threshold tension (i) of 
stimulation and the duration (t) of its action (see Fig. 203) approximates in form, as 
before stated, to an equilatcral hyperbola displaced, in relation to the abscissae, to 


value b. Weiss, therefore, expressed its equation as follows: i=5+ b, where a and 
b are two constants. The value of b is easily determined if we take a large-enough 
t to disregard the value of fraction S. The cqualion can then be reduced to i= b. 


Consequently, b expresses the threshold tension of the stimulus when its duration 
is indefinitely long. As we already know, this is none other than the rhcobasc. As- 
suming that in the initial cquation i cquals 2b, i.e., a doubled rheobase, it is not 


difficult to determine the value of the chronaxie (7), namely: 26 — z +b, whence 


a ft 
b. ard) hence T = b! Thus the chronaxic is expressed by a ratio between the two 


constants of Weiss’s equation. Constant a is of theoretic significance. 

Incidentally, Weiss's fundamental equation does not fully conform to the empir- 
ically obtained curve which is not u hyperbola in the true sense of the word, since 
from a certain moment (to the right of point R) it runs parallel to the abscissae, not 
approximating to it asymptotically as is the case with a real hyperbola. Nor are 
some other consequences of a hyperbola cquation fully confirmed. Determination of 
the chronaxic as an empirical value permitting comparison of the rate of develop- 
ment of excitation in Various tissues under the same physiological conditions (at a 
double threshold strength of the stimulus) holds good, however, irrespective of the 
correctness of the foregoing cquation. 


The chronaxie is measured as follows. A stimulation of sufficient dura- 
tion is applied, and the threshold of the latter, i.e., the minimal intensity 
which produces excitation, is determined. This is the rheobase. The thresh- 
old voltage thus obtained is doubled, and then the shortest duration at 
which such a current must act upon the tissue to produce excitation is 
found. 

Spccial devices known as rheotomes are used to close the stimulating current for 
short intervals varied at will. The general principle of their operation is based on 
the fact that a certain body (a bullet, the arm of a pendulum, an uncofled spring, etc.) 
in its rapid movement successively opens two contacts so connected with the stimu- 
lating circuit that the opening of the first turns the current on, while the opening 
of the second turns it off. If the distance between the contacts and the rate of move- 
ment of the body are known, it is not difficult to calculate the duration of the 
current’s action. 
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This duration can be still casicr graduated by means of condenser discharges. 
Time (t) of the condenser discharge is determined by the following formula: t= RC 
In n, where R is the resistance of the circuit (in ohms), C is the capacity of the con- 
denser (in farads) and In n is the natural logarithm of the ratio between the initial 
value of the condenser discharge and its value at the given moment. From this 
equation it follows that at an invariable resistance of the circuit the duration of 
the discharge is proportional to the capacity of the condenser. By using condenscrs of 
different capacities it is, therefore, possible greatly to vary the duration of the dis- 
charge. 


A device specially designed to measure the chronaxie of tissucs and or- 
gans is called a chronarimeter. 

Expressing the rate of emergence of excitation, the valuc of chronaxic 
is connected with the speed of the tissue response in general: as a rule, the 
more rapid the reaction of the tissue, the shorter its chronaxie. This can 
be seen from a comparison of the valucs of the chronaxie and of the dura- 
tion of contraction in various muscles (Table 25). 








Table 25 
er ayaa antares. Garbo’ ea he. 
' E Duration of mus- 
Tissue Uae cular contraction 
f “ | (in seconds) 
Human akeletal muscles: | I 
floxors of tho arm s.a.s.. ooe + V,08-0.16 | 0.030 
extensors of the arm ............005 | 0.16-0.32 | 0.040 
Frog's sciatic nervo and gastroencmiur i | 
mugilo: sasear b aaa se ats Gia A i i 0.3 0.1 
Claw muscle of crayfish .........600006 | 11-14 D 
Frog's stomach muscle ............06- i 30-100 15-20 


A relation between the value of the chronaxie and the rate of propaga- 
tion of excitation is also observed: sluggish nerve fibres possess a longer 
chronaxie. A general rule even has been advanced, according to which the 
rate of propagation of excitation along the nerve constitutes approximately 
1 cm. during the period which equals the chronaxie of the given tissue. For 
example, in the nerve of the frog with a propagation rate of 30 m. per 
second and a chronaxie of 0.3 millisecond excitation is really propagated 
at the rate of about 1 cm. in 0.0003 second. 


As a technically convenient method of measuring excitability in relation to the 
time factor, chronaximetry has been extensively used both in laboratory investiga- 
tions and clinical practice (Y. Ufland, D. Markov and others) in the last 20 to 25 ycars. 

The theory of chronaxie clucidates the following long-known fact used as an im- 
portant electrodiagnostic indicator of the reaction of muscular degeneration. At 
certain stages of degencration the skeletal muscles first of all lose excitability to 
induction currents (“faradic excitability"), but remain excitable to constant currents 
(‘galvanic excitability”). As shown by experiments, in these cases the chronaxic of 
the muscle considerably increases (by scores and hundreds of times) owing to which 
transient induction shocks, unlike the more protracted action of a constant current, 
cannot produce excitation. 

The significance of the duration factor in the stimulating action of a current 
manifests itself with particular force in the fact that alternating currents of high 
frequency (more than 100,000 periods per second), for example the current of Tesla, 
pass through the human body without producing any stimulating effect even at high 
tension, while at the same time an incandescent lamp included into the same cir- 
cuit begins to glow. The action of high-frequency currents on tissues is confined to 
thermal effects, which is utilized in electrotherapy for warming up internal organs 
(diathermia). In this case the duration of cach oscillation of the current is apparently 
insufficient to produce excitation even at a considerable strength of the current. 
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The significance of the time factor for the development of physiological 
processes was first disclosed by Wedensky (1892); basing himself on his in- 
vestigations relating to the role of the strength and frequency of stimula- 
tion (Chapter 50), he introduced into physiology the concept of functional 
lability of excitable tissues. By lability Wedensky implied the rate of ele- 
mentary reactions underlying excitation, i.e., the ability of the tissue to 
effect a single process of excitation (excitation wave) within a certain pe- 
riod of time. Wedensky determined the value of lability by the maximum 
number of individual waves of excitation which a living tissue is able to 
produce per unit of time. As will be shown in Chapter 50, the level of labil- 
ity and its modification during the functioning of the tissue is one of the 
main factors which determine the qualitative variety of the reactions of 
the substratum. 

Compared with lability which signifies the rate of the entire excitation 
process, chronaxie which characterizes only the rate at which excitation 
emerges, is, apparently, a more limited and private index. Moreover, meas- 
ured by the maximum number of waves of excitation that can be produced 
by the tissue per unit of time, lability characterizes the ability of the tissue 
to create rhythmic series of these waves which underlie the natural forms 
of excitation. The rhythmic character of nervous excitation was first proved 
by Wedensky (1884) in his experiments with the telephonic auscultation of 
rhythms of excitation in the nerve; these data enabled him to regard labil- 
ity as the most adequate criterion for characterizing the time factor in the 
processes of excitation. 

Considered from the gencral biological aspect the value of lability and 
the value of chronaxie prove to be interconnected, since a rapid process of 
excitation is usually also characterized by its rapid emergence; contrari- 
wise, a slow process of excitation is usually slow to emerge. The measure- 
ment of chronaxic is, therefore, not infrequently used for the purpose of 
characterizing the lability of certain structures, a low value of chronaxie 
being taken as an index of high lability and a high value of chronaxie as 
an index of low lability. 

It should be pointed out, however, that when the excitability of the tissue sharply 
changes as a result of modifications in its functional state, the measurement of 
chronaxie by the foregoing method does not give an exact idea of the lability change. 
For example, when the nerve is subjected to the action of agents which lead to a 
decline in its lability accompanied by a fall of excitability and conductivity, the 
Measurement of chronaxiec shows not an increase in its value, as saou d be expected, 
but a decrease, A double high rheobase can apparently produce cxcitation in a shorter 


time than a double low rheobase, and, consequently, the doubling of a high rheobase 
is physiologically not equivalent to that of a low rheobase. 


Theories of the Stimulating Action of Electric Current 


We have seen that electric current of a certain strength (not below the 
rheobase) must act upon the tissue for a definite time to produce excitation. 
We also know that at the make of the current the excitatory process arises 
in the region of the cathode. The authors of various theories of the stimu- 
lating action of electric current proceed precisely from these facts. 

In 1896 V.Chagove:s, who later became professor at Kiev University, 
assumed that the stimulating action of electric current on a living tissue 
was due to the accumulation of positively charged ions at one of the poles, 
i.e., in the region of the cathode when the current is closed, and in the 
region of the anode when it is opened. 
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Proceeding from the assumption that the stimulating action of current 
depends on the change in the concentration of the salts dissolved in the 
plasma, Nernst subsequently theoretically deduced a formula expressing 
the correlation between the strength of the current and the time during 
which it must act on the tissue to produce excitation. His formula is as 
follows: i V t= const., where i is the strength of the current and t is its 
duration. 

But this formula is not applicable to weak currents, since a current 
weaker than the rheobase does not produce excitation, however its duration 
t is increased. Being true for “momentary” stimulations, this formula is 
likewise inapplicable to slowly increasing currents, whose stimulating 
action is lowered (page 491) owing to a partial reverse diffusion of the ions 
or to a decrease in the sensitivity of the tissue to the action of these ions 
(so-called accommodation). Other formulas in somewhat greater accord 
with most of the observed facts (Weiss, Lapicque ct al.) were subsequently 
advanced. 

The formula of Nernst, based on the assumption that the emergence of 
excitation requires a definite concentration of ions in the region of the 
cathode of the current acting upon the tissuc, does not yet give an answer 
to the question as to which ions play the principal part in the phenomena 
of excitation. Chagovets connected the stimulating action of the current 
with a heightened concentration of hydrogen cations. Loeb (1906) found 
that a muscle placed in a saline solution preserved its excitability for a 
long time only if the solution contained univalent (Na, K) and bivalent (Ca, 
Mg) cations in concentrations (c) which are in a definite correlation. This 

. ; e (Na, K) 
correlation can be expressed by the following formula: z(a Mg) ~” const. 

In many cases the univalent cations produce a stimulating effect, while 
the bivalent cations produce a depressive effect. 

Proceeding from these data and his own investigations and calculations, 
P. Lazarev (1916) developed the ion theory of stimulation according to 
which the stimulating action of a current, when it is, closed, is conditioned 
by a heightened concentration of potassium ions in the region of the cath- 
ode.* At the same time an excess of less mobile calcium ions remains in 
the region of the anode where it reduces the excitability. When the current 
is opened an opposite picture is observed due to a reverse diffusion of 
ions. Lazarev extended this theory to other kinds of stimulation—mechan- 
ical, thermal and osmotic. 

The view that the cathode acts like potassium ions and the anode like 
calcium ions is supported, in particular, by experiments which show that 
nonconductivity developing in a certain section of the nerve as a result of 
its treatment by potassium ions increases when this section is stimulated 
by the cathode, the negative pole of constant current, and is eliminated by 
the action of the anode, the positive pole (M. Vinogradov). Contrariwise, 
the nonconductivity created by treating the nerve with calcium ions in- 
creases under the action of the anode and disappears under the action of 
the cathode of constant current (L. Vasilyev, D. Vorontsov). 

The original concepts, according to which the ions are transferred within 
the field of the electric current, require an essential correction, however, 


* It is well known that during the passage of an electric current through a solution 
of an electrolyte the positively charged ions (cations) are displaced towards the 
cathode, and the negatively charged ions (anions) towards the anode. 
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since the latest investigations show that the displacement to which the ions 
are subjected within the time necessary to produce excitation, does not 
exceed the diameter of the molecule. 

Whereas the theories of Nernst and Lazarev connect the stimulating 
action of a current on a living tissue with modifications of ion concentration 
in those sections of the tissue which are situated beneath the electrodes of 
the acting current, in 1906 Chagovets advanced his condensation theory of 
excitation based on the phenomena of internal polarization emerging in a 
living tissue at the make of the stimulating current. From this point of 
view the area of an excitable tissue, for example of a nerve situated 
between the electrodes of the acting current, is regarded as a tissue con- 
denser; unlike electrostatic condensers it possesses not an electrostatic but 
a polarization capacity which manifests its ability to retain the clectric 
charge accumulated during polarization at the poles. When the stimulating 
current is closed, the condenser is charged in a relatively short time as a 
result of the developing internal polarization of the tissue, and the posi- 
tively charged ions (hydrogen ions, according to Chagovets) accumulate in 
the region of the cathode. Excitation emerges when the charge of the 
condenser reaches a definite value. When the current is opened a momen- 
tary polarization of a reverse direction arises in the tissue, thereby creating 
conditions for the emergence of excitation in the region of the anode. 

Chagovets showed that when the current acted for a very short time, its 
stimulating action and the internal polarization of a living tissue increased 
simultaneously and were expressed by the same formulas. As to the dis- 
placement of the ions in the electric field of the current, in the given case 
it is regarded not as the cause of excitation, but as a phenomenon which 
accompanies excitation when the stimulus acts for a relatively long time. 

Chagovets's concepts of tissue condensers found support in the sub- 
sequent researches of other authors (Ebbecke ct al.). It has been shown 
that a living tissue is characterized by a certain electric capacity, in this 
case a polarization capacity, whose value for the nerve trunk of the frog is 
about 0.01 uF. 


V. Pravdich-Neminsky approached the problem of the mechanism governing the 
stimulating action of a current from another angle. Basing himself on his investigations 
which revealed the formation of ammonia in the region of the cathode under the 
action of constant current upon the nerve, Pravdich-Neminsky connected the stimu- 
lating action of the current with the breakdown of unstable nitrous compounds in 
the nerve, while the very propagation of excitation in the nerve he regarded as prop- 
agation of an ammoniacal wave. The indubitable value of these researches consists 
in the fact that they attract the attention of researchers to the problems of bio- 
chemical transformations, connected with the emergence and propagation of excitation 
in a nervous conductor, of which very little is known as yet. 


Transmission of Excitation from Nerve to Muscle 


Normally the skeletal muscles contract when receiving impulses from 
the nervous centres along the motor nerve fibres. Each nerve fibre ramifies 
and innervates from 3 to 160 muscle fibres. A system of muscle fibres 
innervated by the branchings of one axon and therefore contracting simul- 
taneously forms together with the nerve fibre a so-called motor unit. 

The morphological connection between the nerve and the muscle fibres 
is considered by various authors differently: some authors regard the nerve 
endings only as thickenings, as motor plates; others view them as a fine 
ramification of nerve fibres coming into direct contact with the modified 
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muscle fibres; still others believe that between the nerve and the muscle 
there is a new intermediate substance differing both from the nerve and 
the muscle (receptive substance). 

Whatever the ideas of the connection between the nerve and the muscle 
fibres, it is certain that the arca of myoneural junction possesses certain 
peculiarities with regard to the conduction of excitation compared with the 
nerve or muscle fibre. As in all other cases when excitation is transmitted 
from one cell to another, it can spread only in one direction, in this case 
always from the motor nerve fibre to the muscle fibre. Besides, the con- 
duction of excitation in the intermediate areas is retarded. 

As to the mechanism for transmission of excilation from nerve to muscle 
it was long held that similarly to the transmission of excitation within the 
nerve and muscle fibres themselves, it was ciTected by means of an action 
current. From this point of view the excitation of the muscle arises in 
response to an electric discharge (action current) in the nerve ending. 

Proceeding from these concepts, Lapicque expressed the opinion that 
impulses could pass from nerve to muscle only if the chronaxie of the nerve 
and the chronaxie of the muscle were about equal (in any case if one did 
not exceed the other more than three- or fourfold). Lapicque named this 
conformity of chronaxies isochronism. Derangement of isochronism makes 
transmission of excitation from nerve to muscle impossible. For example, 
if the animal is poisoned by curare and the conduction of excitation from 
nerve to muscle is suppressed, the chronaxie of the muscle is considerably 
prolonged while the chronaxie of the nerve remains invariable. According 
to Lapicque, therefore, the previous duration of the action current of the 
nerve no longer suffices to excite the muscle. There are numerous facts, 
however, showing that isochronism is not in all cases an indispensable 
condition for the transmission of impulses from one tissue to another. 

A different view on the processes which underlie the transmission of 
excitation from nerve to muscle has become widespread in the last 20 years. 
A. Samoilov (1924) was the first to furnish convincing proof that the pas- 
sage of excitation from nerve to muscle was predominantly a chemical 
rather than a physical process. With a temperature rise of 10° the rate of 
transmission of impulses from nerve to muscle in the poikilothermal animal 
increases, according to Samoilov, on the average by 2.14 times. Such an 
acceleration of the process as a result of a temperature rise (so-called 
temperature coefficient) is possible only for chemical reactions and not for 
physical processes." 

Proceeding from this, Samoilov assumed that the excitation from nerve 
to muscle was transmitted chemically: the substance educed by the nerve 
ending stimulated the muscle fibre. He wrote: “... It may be assumed that 
here, at the border of two cells, one cell educes a certain, as yet unknown, 
substance and that this substance serves as a stimulating agent for the 
other cell; this constitutes the passage of excitation from the nerve fibre 
to the muscle fibre.” This may explain both the one-way conduction of 
excitation in the myoneural area and its lowered rate. Samoilov assumed 
the existence of a similar mechanism in all cases of transmission of excita- 
tion from one cell to another (in particular, from one neuron to another); 
here, too, in his opinion, transmission was effected by means of a chemical 
substance possessing a stimulating property. 


* It is well known that at a temperature rise of 10° the rate of chemical reactions 


increase two- or threefold, while the rate of physical processes increases inconsid- 
erably (about 20 per cent). 


32° 499 


In Samoilov’s aforesaid experiments the rate of conduction of excitation 
in a nerve increased on the average by 54 per cent at a temperature rise 
of 10°. This result shows that in the complex process of propagation of 
excitation in the nerve chemical and physical components play a certain 
part, though a considerably lesser part than in transmission of excitation 
from nerve to muscle. 

O. Levi (1921) found that stimulation of the vagus Ied to formation of a 
specific substance in the endings of this nerve situated in the cardiac 
muscle; this substance later proved to be acetylcholine. Numerous further 
invesligations established that this substance was formed in certain links 
of the vegetative and central nervous systems during transmission of 
excitation. 

In the middle of the thirtics experiments in which an artificial nutritive 
fluid was perfused through the blood vessels of a muscle showed that the 

fluid flowing from the skeletal muscles 
stimulated through the nerve con- 
tained 0.00002 y* of acetylcholine per 
impulse of excitation. 

It was also shown that a rapid in- 


pone jection of 2 y of acetylcholine into the 


a artery produced a tetanic muscle con- 
traction (Fig. 205). Very small doses— 
J about 0.000005 y—were required to 
excite the muscle fibre when acetyl- 
2 choline was brought to the region of 
the nerve ending by means of a micro- 
7 pipette. 


Fig. 205. Lower record —contraction of In order that formation of acetyl- 
ve etd rate muscle ler injection choline cause muscular contraction it is 
of acotyle >; y :ord-—cCo t- : 
Men ERE thes poies Pa aingle necessary that the amount of this sub- 
nervo atimulation. Ordinate shows scale Stance formed at each impulse should 
of tension developed by muscle (in kg.); be fully destroyed during the refrac- 
abscissa shows time (0.01 second). tory phase, otherwise the subsequent 
impulse will not be able to produce 
excitation. Acetylcholine is split into choline and acetic acid by an enzyme, 
called cholinesterase. It appears that the concentration of this enzyme in 
the muscle is highest in the region of the nerve endings. 

These facts have led to the hypothesis that the insignificant amounts of 
acetylcholine formed in the endings of the motor nerve act as inter- 
mediaries in the transmission of impulses from nerve to muscle. 

Although the participation of chemical processes in the transmission of 
excitation from nerve to muscle can now hardly be doubted, it cannot be 
fully accepted that the acetylcholine cycle of biochemical reactions is the 
only cause of muscular contraction in response to impulses from the motor 
nerve. The cycle of chemical transformations in this process has not yet 
been sufficiently studied. There are indications, for example, that an im- 
portant role is played by adenosine triphosphoric acid, sulphohydrate groups 
(—SH) and other chemical compounds. It may be assumed that excitation 
is transmitted by those specific metabolites in the nerve fibre which them- 
selves participate in the cycle of chemical transformations connected with 


the active state of the muscle. 


* y signifles 0.001 mg. 


CHAPTER 50 
THE EXCITATORY PROCESS 


Principal Concepts of Electrophysiology 


Already in the preceding exposition we frequently referred to electric 
phenomena in tissues, namely, to electric currents, or potentials,* which 
are an important indicator of impulses of excitation and warrant a charac- 
terization of the excitatory process from the viewpoint of its intensity, 
duration, rhythm and general nature of its course. 


Electric changes in tissues are cxpressed by insignificant values of energy; for 
example, in the muscle they are less than 0.00001 of the entire thermal and mechanical 
energy liberated during contraction. However, the extensive development of electric 
Measuring technique, and in 
our time also of amplifying 
devices, has made the clectro- 
physiological method of inves- 
tigation one of the mast per- 
fect and precise methods of 
studying the dynamics of exci- 
tation in the nervous and mus- 
cular systems. 

The study of electric phenom- 
ena in animal tissucs began 
with the discovery made by 
Galvani, physician and phys- 
iologist of Bologna, in 1786. 
Galvani noticed that when a 
current between the nerve and 
the musele of a prepared leg of 
the frog was closed with the 
help of a metallic conductor, 
the muscle twitched as it did 
during the passage of a charge 
from the Leyden jar through 
it. Galvani interpreted this fact 
as a manifestation of “animal 
electricity.” He believed that 
the nerves and muscles were 
charged with opposite clectric- 
ity and that in this experiment 
the metallic conductor only 
closed the circuit between the 
nerve and the muscle. 

Volta, professor of physics 
at the University of Pavia 
and Galvani’s contemporary, 
explained the results of Gal- 
vani’s experiments by the fact 
that the metallic conductor 
used in the experiments was 
hetcrogencous. When the metal came into contact with the humid tissue, there arose 
a difference of potentials betwcen the metal and the fluid; owing to the heterogeneity 
of the metallic conductor opposite charges were created at its ends contacting the 
tissue and produced an electric current. 

Both investigators proved to be right, each in his own way. Galvani found a new 
variant of this experiment, in which the contraction of the prepared muscle was 
attained without any metallic conductors, simply by throwing upon the muscle its 
own nerve (the so-called cxperiment of contraction without metals). This experiment 





L. Galvani 


* In all cases when action potentials arc mentioned, it is the difference of potential 
between the excited and the resting sections of the excitable tissue that is implicd. 
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incontestuably proved that an excitable tissue could itself be a source of electricity; it 
opened a long new chapter of physiology subsequently named electrophysiology, 

As to Volta, he was the first to discover the source of constant current (the “voltaic 
pile”) in which the potential difference or, in Volta’s terminology, the electromotive 
force resulted from the intcraction of the mctal and the fluid. The voltaic pile originally 
consisted of numerous pairs of copper and zinc disks superposed on cach other and 
separated by cloth layers moistened in salt water.* This discovery originaled the 
theory of clectric (“galvanic”) current and refuted the vitalistic concepts of the 
specific nature of “animal clectricity.” 


Firm foundations for the experimental study of the bio-electric proper- 
ties of muscle and nerve were laid in the middle of last century; of partic- 
ular importance in this respect were the researches of DuBois-Reymond, 
Hermann, Sechenov and Wedensky who investigated the bia-electric cur- 
rents by recording them with physical instruments—galvanometers. The 
use of his telephonic methods (page 503) by Wedensky was particularly 
fruitful at that stage in the development of electrophysiology. 

Currents of rest in muscle and nerve. If the longitudinal surface and a 
cut end of a muscle or nerve are connected to a sensitive galvanometer 
by nonpolarizable electrodes 
(Fig. 206) the galvanometer 
will reveal the presence of a 
current which flows in the ex- 
ternal circuit from the longi- 
tudinal surface of the nerve or 
muscle to the cut end.** In 
other words, the cut end of 
the tissue proves to be electro- 
negative to its longitudinal 
surface. The current which 
Fig. 206. Current of rest. 3f—muselo (or nerve). results from such connection 
Cross-soction of musclo (nerve) is negative (—) to of the longitudinal and trans- 
uninjured surfaco (+4). Arrows show direction of versal surfaces of the tissue 

current in inner and outer circuits, was termed by DuB. ois-Rey- 
mond the current of rest. 

However, Hermann showed that the emergence of the so-called current 
of rest was due only to the injury of the tissue, its cause being the 
difference of potentials between the uninjured part of the tissue (longitu- 
dinal surface) and its injured part—the cut end. Thus the current of rest 
does not pre-exist in the nerve or muscle, as was assumed by DuBois- 
Reymond, but arises as a result of injuries and, in general, of local altera- 
tions in the tissue under various physiological and chemical influences. It 
was therefore called the injury current, or alteration current. 

It has also turned out that Galvani’s experiment with contraction with- 
out metals fails if the muscle is prepared very thoroughly, without any 
injuries. But if the muscle is first injured, the throwing of the nerve upon 
it invariably produces contraction, when the nerve comes in contact with 
either the injured or uninjured parts. 





* The most powerful battery of that time consisting of 4,200 pairs of copper and 
zinc plates was designed in 1802 by the Russian Academician V. Petrov; in addition 
to the physical investigations which led to the discovery of the electric arc, he carried 
out a number of experiments connected with the influence of clectric currents on 
aquatic animals, 

** As is known from physics, the flow of electricity from the positive to the negative 
pole is conventionally taken as the course of a current in the external circuit. 
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The highest difference of potentials, which in the muscle reaches 0.08 V, 
is observed immediately after the occurrence of the injury. During the 
first hour the injury current falls almost to half its initial strength. In the 
nerve the potential difference arising as a result of injury does not usually 
exceed 0.03 V, and with the lapse of time diminishes more rapidly than in 
the muscle. In the human nerve it is only about 0.006 V and this is, 
apparently, due to the abundance of connective tissue layers which repre- 
sent an accessory make for the current led off from the nerve. As the nerve 
degenerates the strength of the current, which arises as a result of the 
injury, gradually decreases; in homoijothermal animals the current fully 
disappears in 10 days; in poikilothermal animals, in 30 days. 

Action current (negative wave of the current of rest). The electric oscil- 
lations which accompany the excitatory process in the nerves and muscles 
are of special interest. Historically the study of these phenomena proceeded 
from initial observations which showed that the current of rest in muscle 
or nerve diminished during their stimulation. DuBois-Reymond named 
this diminution of the current of rest during the active state of the tissue 
the negative wave of the current of rest. In inert galvanometers it appears 
in the form of a continuous weakening of the current of rest, though in 
reality it consists of separate rapid oscillations. This was proved by the so- 
called secondary tetanus. If two nerve-muscle preparations are placed so 
that the nerve of one preparation lies longitudinally on the muscle of the 
other, stimulation of the second nerve by induction current leads to a 
tetanic contraction not only of the second, but also of the first muscle. In 
this case the nerve of the first preparation is stimulated by a negative wave 
which accompanies the contraction of the second muscle. But since this 
stimulation produces tetanus of the first muscle rather than a single twitch, 
it warrants the conclusion that the stimulus is of an intermittent character. 

The phenomenon of the negative wave was interpreted as follows (Her- 
mann, 1867). Just as an injured part. of an excitable tissue is electronegative 
to its uninjured part, any section of the tissue excited at the given moment 
becomes electronegative to the resting sections. The difference of potentials 
between an excited and an injured part must therefore be smaller than 
that between a resting and an injured part. This is what determines the 
negative wave (i.e., diminution) of the current of rest. The scheme pre- 
sented in Fig. 206 demonstrates these relationships. 

In an excited section electronegativity does not persist long, as is the 
case with an injured section. Arising for a very short time, it spreads over 
the tissue together with the excitatory process. The decrease in the poten- 
tial difference between an injured (permanently negative) and an excited 
section during the passage of each excitatory wave is therefore very brief 
(expressed in thousandths of a second). Hermann named these rapid 
changes of the electric potential in an excited section of a muscle or nerve 
the action currents. 

The first proof of the intermittent, oscillatory nature of excitation in a 
nerve was given by N. Wedensky (1883) who made usc of the telephonic 
method for hearing the action currents of a nerve. By leading off two 
points of the nerve to a telephone he was able to hear the rhythms of the 
activity of a nerve under stimulations of different strength and frequency. 
With the help of this method Wedensky already in the cighties of last 
century made a number of his fundamental conclusions concerning the 
rhythms of excitation; these conclusions were subsequently corroborated 
by other investigators with the help of graphic recording. 
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Later special galvanometers or electrometers possessing very low inertia 
of the recording system were used for obtaining graphic records of action 
currents which usually represent rapid electric oscillations. They include 
the capillary electrometer, the string galvanometer and oscillographs. 


The capillary clectrometer consists of a capillary glass tube containing mercury 
with a weak solution of sulphuric acid above it. At the contact surface of the mercury 
and acid there arises a difference of potentials, the mercury being charged positively 
and the acid negativcly. The charge reduces the surface tension of the mercury 
meniscus owing to the mutual repulsion of the charged particles of mercury. If a 
current is now passed through this system in a direction, for example, that will make 
the meniscus a cathode and the sulphuric acid an anode, the charge of the meniscus 
will decrease. Owing to this the surface tension of the mercury will increase and the 
meniscus will fall being displaced in the direction of the current flow. With a reverse 
direction of the current an increase in the charge of the meniscus will diminish its 
surface tension, and the meniscus will rise. Thus the movements of the mercury 
meniscus are always in the direction of the acting current. These movements can be 
observed through a microscope, or photographed on photosensitive paper. 

The inertia of the mercury meniscus is relatively high, however, and the string 
galvanometer therefore proved to be a betler instrument (page 94). In this galvano- 
meter a very thin conducting thread stretched vertically between the poles of an 
electric magnet can reproduce about 500 oscillations per second without appreciable 
error. 

A considerably higher frequency of oscillations can be reproduced without errors 
by loop, or magncto-clectric oscillographs which found application in electrophysiology 
at a later period. The movable system is formed here by a loop of a metallic band 
stretching from onc terminal to the other through a block drawn upward by a spring. 
The loop is placed between the poles 
of a permanent magnet. During the pas- 
sage of the current both halves of the 
loop are deflected in opposite directions 
because of the different course of the 
current in them. This makes the whole 
loop turn at a certain angle, the value 
of which is determined by the strength 
of the current. A beam of light is deflect- 
ed correspondingly and is reflected by 
a little mirror fixed on the loop. These 
deflections of the beams are photo- 

+ graphed. Oscillographs of this kind can 
alefefafafi| reproduce about 10,000 oscillations per 
second without any error. 
Fig. 207. Diagram of cathode ray oscillograph, But the most perfect system record- 
a ing without any inertia is a beam of 
cathode rays used in cathode ray 
oscillographs (Fig. 207). The cathode 
(electron) beam is obtained as follows. 
Two electrodes are placed in a vacuum glass tube at a certain distance from 
each other: onc of these electrodes, having the shape of a thread, serves as the 
cathode, while the other, having the shape of a disc with a small aperture in 
the middle of it, serves as the anode. If a high direct tension (of about 1,000 volts) is 
brought to the electrodes, the cathode gives rise to a rectilinear stream of free 
electrons. Passing through the aperture in the anodal disc the cathode beam falls on 
a fluorescent screen formed by the bottom of the tube and produces a luminous spot 
there. The latter can be recorded on a photosensitive film. In order to intensify the 
electron stream the thread of the cathode is incandesced by means of a current passed 
through it from a scparate small battery. 

The potential to be recorded is led off to the plates of a condenser situated inside 
the tube on both sides of the cathode beam. Consisting of negatively charged electrons 
the latter passes between the plates of the condenser and always deviates in the 
direction of the plate which at the given moment carries a positive charge. In this 
way the form of any impulse of a potential, however short its duration, can be re- 
produced with precision. 

But the loop and cathode ray oscillographs cannot be directly used for 
recording action currents because they arc not sensitive. enough. Action currents 





K cathode; A anode; P and 1y- condenser plates; 
S— nenen. 
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led off to an oscillograph must therefore be considerably amplified. This is done by 
cathode valve amplifiers whose principle of operation is described in text-books of 
physics. 


As before stated, the action current is due to the fact that the excited 
section of the tissue is for a short time electronegative to the resting sec- 
tions. When one of the leads is applied to the uninjured part of a nerve or 
muscle and the other to an injured part, the difference of 
potentials between the electrodes during the passage of the excitatory 
wave bencath the first electrode will for a short time diminish: the record- 
ing apparatus will reveal a rapid variation in the direction reverse to that 
of the current of rest. As to the injurcd section (beneath the second elec- 
trode) the excitatory wave becomes extinguished in it without changing 
its electric state. In this case the action current has a form of a monophasic 
wave (Fig. 208, a). 

But if both electrodes are applied to ihe uninjured longitudinal surface 
of the preparation, the action current will appear as a diphasic wave 





0.001 sec. 
— 
a 
Fig. 208. Lefl--amonuphisic, right diphasie current of action 
in the frog's seiatie nerve recorded on cathode ray oscillograph. 


(Fig. 208, b), since the sections of the tissue to which the clectrodes con- 
nected with a galvanomctcr are applied are not affecied by excitation 
simullancously. Spreading at a certain velocity, the excitation first reaches 
the nearest electrode where it creates transitory electronegativity; the 
recording apparatus shows a wave in one dircction. When the excitatory 
wave passes the region of the first electrode in its further propagation and 
reaches the section lying beneath the second electrode, a momentary 
reverse current arises in the external circuit and is recorded as a second 
wave in the opposite direction (see Fig. 1). 

In the skeletal muscles of vertebrates a monophasic action current lasts 
thousandths of a second: in the muscles of the frog, 0.003 to 0.004 second: 
in the muscles of homoiothermal animals, 0.002 to 0.003 second. In nerves 
il lasts 0.0005 to 0.0020 second. The more rapid the propagation of ex- 
citation along the nerve, the shorter the duration of the action current. 

Correlation between electric and mechanical changes in muscle. Simul- 
taneous recording of a muscular contraction and of the action current led 
off from the muscle shows that in its ascending part the action current pre- 
cedes contraction. This was demonstrated by recording the action current 
and the curve of thickening of the frog's muscle. 


This is also obvious from a simpler experiment which is a variant of the ex- 
periment with secondary contraction (page 503). If the nerve of a nerve-muscle 
Preparation is placed on the heart of the frog so as to bring it into contact with the 
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base and apex of the ventricle, the muscle of the preparation will contract at cach 
systole. In this case the nerve is stimulated by an action current which precedes the 
contraction of the ventricle. Since the latent period of contraction of the cardiac 
muscle is relatively long, the contraction of the preparation each time precedes the 


contraction of the heart. 

According to the data obtained by means of a cathode ray oscillograph, 
a monophasic action current of a muscle consists of two parts. The trans- 
itory ascending part of the action current which lasts about 0.003 second 
precedes contraction, while its slow descending part lasting from 0.05 to 
0.07 second coincides with the contraction. These data testify to the fact 
that the transitory initial part of the action current does not represent the 
contractile process, but the excitatory process which precedes the con- 
tractile process in the muscle. 

The difference between the electric and mechanical effects in the muscle 
is particularly pronounced in tetanus. When a muscle is subjected to rather 
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Fig. 209. Contraction and currents of action in th frog's gastrocnemius 
muscle in response to intensified stimulation of sciatic nerve. 


Sorics of successive records (photograms 7-6) during atimulation by induction current. by 
1, 2. 3.4, 5 and Gum. above threshold respectively. Each photogeam shows (top to bot- 


tom): electromyogram, mechanomyogram, signal lino, riso in which ke tho boginning 

of stimulation, and time (0.01 secand). Rapidity of stimulation—-100 per second. Intensi- 

fiod stimulation results in rise in amplitudo of currenta of action ane f curve of muscle 

contraction, wh ch reaches maximum when stimulated Gem. abc threshold (after 
V. Delov). 


frequent, direct or indirect, stimulations, the mechanical effect, as before 
stated (Chapter 47), is continuous; the action currents of the muscle, how- 
ever, proceed separately without merging (Fig. 209). Consequently, the 
muscle responds to each stimulation by a very rapid and easily reversible 
change which is characterized by an action current and which pre- 
determines the origination of more protracted processes underlying the 
mechanical effect of contraction. 

If the stimulations are not too frequent, the number of emerging action 
currents may exactly correspond to the number of individual stimulations. 
But if the stimulations are too frequent (for example, more than 300 per 
second), the frequency of action currents reproduced by the muscle of the 
frog is reduced and, in general, becomes irregular. This intermittent 
character of the flow of action currents, as we shall see later (page 509). 
is connected with the period of inexcitability (the so-called absolute 
refractory phase) which arises in the tissue immediately after each excita- 
tion and which separates one excitatory wave from another. 
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Similarly intermittent are the action currents in human muscular con- 
tractions which are usually of a tetanic character. However transitory a 
human movement may be, muscular contraction is not accompanied by a 
single action current, but by a more or less frequent series of such currents. 

Wedensky (1884) was the first to hear action currents in the human 
muscle with the aid of the tclephone. About 30 years later similar investi- 
gations were carried out by other authors who used the string galvano- 
meter for recording action currents. An electrogram of muscular contrac- 
tion (Fig. 210) is expressed by approximately a 50-fold rhythm of the basic 
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Fig. 210. Action currents of biceps during fiexion of arm in 
elbow. Upper linc marks time in fifths of a second (after Pieper). 


waves complicated by small accessory oscillations. The latter are accounted 
for by the fact that individual groups of muscle fibres do not contract 
strictly simultaneously. 

The study of action currents led off from a very small number of human 
muscle fibres shows that in each fibre the frequency of the excitatory im- 
pulses may vary from 3 or 5 to 50 and 70 per second, and that it increases 
within these limits when the contraction is intensified (Adrian et al.). In 
weak muscular tension, different groups of fibres—motor units—do not 
contract simultaneously, and the fre- 
quency of impulses in each group is low 
so that individual groups may produce 
not a continuous but an incomplete 
tetanus. In the muscle as a whole, how- 
ever, the contractile effects of individ- 
ual fibre groups merge into a smooth 
contraction. Intense contractions involve 
more acting motor units and more fre- 
quent impulses in each of them so that 
various groups of muscle fibres act more 
synchronously. 

Electric after-potentials. The aforesaid 
action current appears as a transilory ry) 
modification of electric potentials. In the Time in sec. 
muscle the ascending part of such an Fig. 211. Correlation between “peak” 
action current almost comes to an end and aftor-nogativity in fibres of the 
before the development of mechanical frog's sciatic nerve (after Gasser). 
contraction begins; in the nerve it is still 
shorter and lasts for about 0.001 sccond. But the use of amplifying devices, 
recently introduced in the investigation of bio-electric currents, has shown 
that the aforesaid action currents are only the initial, most appreciable phase 
of the changes in electric potentials in the excited part of the tissue. This 
initial, “high-voltage” part of the action current, which may be called its 
spike is directly succeeded by a “low-voltage” negative after-potential 
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(Fig. 211) lasting hundredths of a second and over (Vorontsov, Erlanger, 
Gasser et al.). 

In a fresh-prepared nerve the value of the initial part of the negative 
after-potential does not excced 0.01 of the value of the spike. It disappears 
in the nerve only in 0.02 to 0.03 second (Fig. 211), and in the muscle in 
0.05 to 0.07 second. Treatment of the tissues by certain substances (ver- 
atrine, calcium and barium salts, etc.) intensifies the negative after-poten- 
tial by scores of times and prolongs its duration to whole seconds. On the 
contrary, narcotics and potassium salts suppress the negative after-potential 
even when they are used in such small concentrations as to exert no appre- 
ciable influence on the value of the spike. 

In the nerve deprived of oxygen supply there is no negative after-poten- 
tial.In the nerve poisoned by veratrine 
it is heightened, and a certain rise in 
respiratory metabolism is observed. 
This close dependence of the negative 


++ retrrrr+ t+ + 
CA 


t++t+ttt+t+tt+t++ after-potential on the chemism of 
Fig. 212. Diagram of uninjured polarized the medium and on the presence of 
nerve fibre (at rest). oxygen warrant its connection with 


the recovery processes going on in the 
tissue after the period of excitation. Contrary to this, a leading role in the 
very propagation of excitation is often ascribed to the initial part of the 
action current, or the spike. 

The negative after-potential is succeeded by a positive aftereffect. It is 
usually smaller than the negative after-potential in amplitude, but con- 
siderably exceeds it in duration. The positive altereffect becomes much 
more intense after rhythmic stimulations of the nerve. 

There are indications (Gasser ct al.) that the negative after-potential is 
accompanied by hcightened excitability in the nerve, the positive after- 
effect by a decrease in excitability. 

The origin of currents of rest and of action currents. Already Sechenov 
pointed out the significance of metabolism for the emergence of potential 
differences in animal tissues. Developing this viewpoint, V. Chagovets (1896) 
showed that it was possible to explain the electric phenomena in the mus- 
cles and nerves by proceeding from the concepts of concentration currents 
determined by different concentrations of certain ions (for example, H-ions) 
in various sections of the tissue. The difference in concentration may result 
from modification of metabolic processes in the excited or injured areas. 

Later, the membrane theory (Bernstein, 1902) became widespread; this 
theory is based on the schematic conception that on the surface of the 
muscle and nerve fibres there exists a special marginal layer (membrane) 
which, like some artificial membranes, is permeable to cations and imper- 
meable to anions. Since the concentration of electrolytes on both sides of 
the membrane is not equal, the cations (for example, potassium ions which 
are relatively abundant inside the fibre) tend to pass into the external 
medium, but are retained on the outer surface of the membrane by the 
charges of their anions. Owing to this, the membrane becomes polarized: 
its outer surface is charged positively and the inner surface negatively 
(Fig. 212). So long as the fibre is not injured, the potential is equal along its 
entire surface, but when it is injured, i.e., when the integrity of the mem- 
brane is violated, the negative ions are able to diffuse from within to the 
exterior: the injured site proves to be electronegative to the normally 
polarized surface. 
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Such is the origin of the current of rest. As to excitation, it is connected 
with an increase in the permeability of the membranes which is proved by 


a number of observations. Owing to this, 
the excited section of the membrane be- 
comes equally permeable to all ions and is 
depolarized, as a result of which the excited 
section proves to be electronegative to the 
remaining, positively charged surface of 
the fibre. Unlike depolarization resulting 
from an injury, depolarization caused by 
excitation is reversible and is propagated 
together with the excitatory wave. From 
this point of view the propagation of exci- 
tation appears as propagation of the depo- 
larization wave. The difference of potentials 
on the border line between the depolarized 
and polarized sections gives rise to a dis- 
placement of ions which leads to the depo- 
larization of a new section and to the repo- 
larization of the previous section (Fig. 213). 
It must be pointed out that the very 
existence of semipermeable membranes in 
the tissues is disputed (D. Nasonov); there 
are reasons, however, for attaching impor- 
tance to the surface of division between 
different phases of living substance and to 
differences in the concentration of ions. 


The Refractory and Exaltation Phases 


The study of electric phenomena in 
nerves and muscles leads to the conclusion 
that excitation is an intermittent and rhyth- 
mic process. Its intermittent character is 
connected with the refractory phase arising 
after each flash of excitation. Following an 
impulse of excitation, the tissue does not 
react for a certain, very short, period of 
time to even the strongest new stimula- 
tion. This period of complete inexcitability, 
conditioned by a preceding process of ex- 
citation, is called the absolute refractory 
phase. After this the tissue gradually re- 
covers its excitability evident from the 
thresholds of stimulation which gradually 
drop to the initial level. This is the so-called 
relative refractory phase. 

The periods of inexcitability split the 
process of excitation into separate flashes— 
impulses accompanied by an action current. 


Refractory Excilation Rest 
phase 

Fig. 213. Diagram showing depolar- 
ization of membrane of nerve fibre 
in atimulated arcu (this section ia 
shown by dotted line); excitation 
is propagated from left to right and 
leaves refractory period behind (this 
section is shown by heavy line). 
Arrows show rise of loval current. 


Fig. 214. Currents of action in the 
cat's diaphragmatic nerve with two 
successive stimuli. 

With diminution of tho interval betweon 
stimulations second current of action 
diminishes and, finally, disappoars (bot- 
tom record), because it occum within 
refractory period of the fimt. Lower 
periodie curve marks time of 0.001 
socond during the period (after Gomwr), 


Whatever the frequency with which the nerves and muscles are stimulated, 
the action currents never merge in them. A record of action currents during 
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two rapid successive stimulations shows that when the interval between 
the stimulations is shortened the action current produced by the second 
stimulation gradually diminishes and, finally, at a very short interval, fully 
disappears (Fig. 214). 

The relative refractory phase expressed in lowered excitability is suc- 
ceeded by a phase of heightened excitability which was discovered by We- 
densky and named the exaltation phase. 

The excitability changes in a nerve-muscle preparation after excitation 
may be presented graphically. Fig. 215 shows that the absolute refractory 
phase which characterizes the state of complete inexcitability of the prep- 
aration lasts 0.0025 second. The subsequent recovery of excitability to its 
initial level, i.e., the relative re- 
fractory phase, terminates 0.012 
second after the onset of excita- 
tion. The state of heightened ex- 
citability observed after that,ie., 
the exaltation phase, is succeed- 
ed by the normal state 0.030 sec- 
ond after the onset of excitation. 

The exaltation phase may in 
some cases be prolonged to 0.1 
second and over. The absolute 
yb TF refractory phase and especially 
Time offer excitation in seconds the relative refractory phase also 
Fig. 215. Curve of recovery of excitability of vary 3 Low temperature, modifi- 
nerve-musele preparation after single stimulation Cations in the ion medium and 

of the nerve (after Adrian and Lucas). anaesthesia considerably prolong 
the relative refractivity. 

In addition to lowered excitability of the tissue, the relative refractory 
phase is characterized by weaker reaction to new stimulation and by 
slower conduction of excitation. All these changes are the more pronounced. 
the shorter the interval between the stimulations, i.e., the less the tissue 
recovers after the preceding excitation. Contrariwise, in the exaltation 
phase the intensity of the reaction and the rate of conduction are higher 
than initially. 

Recent investigations have found that after the passage of an excitatory 
impulse the excitability of the nerve undergoes a number of other modi- 
fications in addition to those mentioned above. For instance, a new, though 
less pronounced, period of lowered excitability—the phase of subnormal 
excitability—after the exaltation phase is observed (Gasser et al.). Thus 
excitability returns to its initial level by a serics of rises and falls which 
are gradually extinguished. 

In the muscle the refractory phase lasts longer than in the nerve. It is 
especially long in the cardiac muscle (page 104) and was therefore discov- 
ered there first. In homoiothermal animals the absolute refractory phase 
lasts only about 0.001 second in the nerve and 0.0025 to 0.0030 second in 
the skeletal muscle. In a mixed nerve it differs in various groups of fibres. 
Generally speaking, the faster the conduction in the nerve fibre, the shorter 
the absolute refractory period. 

The following peculiar phenomenon is connected with the existence of 
the exaltation phase; it was first described in 1886 by Wedensky who named 
it a single tetanized twitch. If the nerve of a nerve-muscle preparation is 
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subjected in its distal part to a subthreshold tetanizing stimulation and in 
its proximal part to maximal induction shocks, short tetanuses rather than 
simple muscular twitches are observed (Fig. 216). Electrophysiological in- 
vestigations of this phenomenon substantiated Wedensky’s original assump- 
tion that it was caused by a transitory rise in the excitability of the nerve 





Fig. 216. Tetanized single contraction of a nerve-muscle proparation. 
Proximally applied aingle maximal stimulus (31 cm.) is added to subthreshold 
tetanization of a nerve (36.5 em. distance between coils with 36 em, threshold). 
Current. of actian, corresponding to single stimulation, is followed by series of 
currents of action, equal in amplitude, reproducing frequency of subthreshold 
stimulation. 
Top to battom: /— electromyagram; 2- mechanomyogram; 3 record of the 
moment of single stimulation triso of line); ¢-—rocord of tetanization (recorded 
throughout experiment); 5—time recorded in 0.2 second. Subthroshold teta- 
nization with froqueney of 50 per second was applied 2 seconds before single 
stimulus (after Vasilyev, Delov and Mogendovich). 


after the passage of a single excitatory wave, owing to which subthreshold 
tetanization became for a short time above-threshold. This phenomenon 
has roused particular interest during the last decades in connection with the 
propositions advanced by A. Ukhtomsky who regarded it as one of the 
probable mechanisms of the dominant (page 575). 


Dependence of Frequency of Nervous Impulses on Intensity 
of Stimulation 


As before stated (page 507), an increase in the power of muscular con- 
traction is normally due to an increase in the frequency of nervous im- 
pulses coming to it. This dependence is clearly seen in experiments with 
stimulation of a single nerve fibre which forms a motor unit together with 
the group of muscle fibres innervated by it. The nerve trunk in the nerve- 
muscle preparation is split into separate bundles and fibres, which are 
successively cut so as to leave only one motor fibre intact. If such a nerve 
is stimulated by an induction current above the site of the split, the nervous 
impulses will reach the muscle only along the single intact nerve fibre and 
act on the muscle fibres innervated by it. 

By varying the strength of stimulation from a threshold to the physio- 
logical maximum without changing its frequency and simultaneously re- 
cording the mechanical contraction and the action currents of the muscle, 
we shall obtain the results shown in Fig. 217. Here we see that at a fre- 
quency of 100 shocks per second a weak stimulation (5 mm. above the thresh- 
old according to the scale of the induction appartus) produces only about 
30 impulses per second; accordingly, the tetanic curve is not very high. A 
stronger stimulation (10 mm. above the threshold) produces about 50 im- 
pulses per second and a higher tetanus. Finally, with a strong stimulation 
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(50 mm. above the threshold) the frequency of the impulses (in this case 
100 impulses per second) strictly corresponds to the frequency of stimula- 
tion, and the tetanic curve rises to the maximum, whereas the amplitude 
of the action currents, which characterizes the strength of the impulses, 
does not essentially change with the different intensities of stimulation. 
The increased frequency of impulses under stronger stimulations is ex- 
plained as follows. If a series of weak stimulations is applied, each new 
stimulation can create an impulse only when the excitability of the tissue, 
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Fig. 217. Course of totanus during stimulation of single nerve fibro by induc- 

tion current 5mn. (upper photogram), 10mm. (middle photogram) and 50mm. 

(lower photogram) above threshold. Frequency of stimulation—100 per second. 

Each photogram from top to bottom contains: curvo of curronts of action, 

eurve of muscle contraction, signal line (its rise marks beginning of stimulation) 
and time recorded in hundredths of a second (after V. Delov). 


diminished by the previous impulse, is restored to its initial level. All the 
weak stimulations which occur at earlier moments of the refractory 
phase are below the threshold of excitability and produce no 
effect. A series of frequent but weak stimulations therefore creates a rela- 
tively low frequency of impulses. But if the intensity of stimulation is in- 
creased so that each new stimulation can excite the tissue during the rela- 
tive refractory phase, impulses will arise at the same frequency at which 
the tissue is stimulated. 

Thus the gradation of muscular contractions within the limits of each 
motor unit is attained predominantly by an increase in the frequency of 
impulses. The gradation of contractions developed by the entire muscle is 
additionally conditioned by the different number of the acting motor 
units. 
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When not rhythmic but single stimulations are applied to the nerve fibre 
the height of muscular contraction remains invariable at the different inten- 
sities of stimulation if the latter is above-threshold. The same has already 
been stated with regard to the cardiac muscle which reacts to above- 
threshold stimulations of different strength with contractions of the same 
intensity, or does not react at all if the stimulation is subthreshold. 

These facts gave rise to the formulation of the so-called “‘all or none” 
law according to which an excitable tissue produces a maximum response 
at any strength of above-threshold stimulation, or does not react at all if 
the stimulus is below the threshold. 

At the same time a number of authors (Wundt, Verworn and others) 
tended to regard the aforesaid particular law as a universal law which 
governs the functioning of excitable tissues, as a principle similar to Mül- 
ler’s law of specific energy of the sense organs (page 671). 

Expcrimental data, including the data obtained by Soviet physiologists, 
show that a relative independence of the effect on the strength of the stim- 
ulation can be attributed only to an impulse which is propagated in a 
single nerve fibre during a single stimulation of the latter. However, here, 
too, a subthreshold stimulation creates a local nonpropagated modification 
of the potential; consequently, one cannot say that the stimulation pro- 
duces here no effect whatever. Besides, the level of “all” does not remain 
invariable, but changes together with the change in the functional state of 
the nerve fibre. Thus the very formulation “all or none” does not corre- 
spond to the facts. 

Moreover, it has been quite clearly established, particularly by the re- 
searches of I. Kan and A. Ukhtomsky, that in the nerve fibres of inverte- 
brates there is a graded dependence of the strength of an impulse on the 
intensity of stimulation. A similar graded dependence is observed in the 
region of stimulation between the intensity of direct stimulation and the 
power of contraction of the muscle fibres in invertebrates. Consequenily, 
the relative independence of the strength of a nervous impulse on the inten- 
sity of the stimulation by which it is produced results from the develop- 
ment in the course of evolution of a special mechanism characteristic 
mainly of the myelinated nerves of vertebrates. 

Normally all stimuli acting on the external and internal receptors of the 
organism produce not one, but a series of nervous impulses. By bringing a 
larger number of nervous elements into play a stronger stimulation also 
creates a greater frequency of impulses, although the strength of the im- 
pulses may within certain limits remain on the same level. 


The Theory of Parabiosis 


Because of the refractory phase which follows each impulse of excita- 
tion, excitable tissue can produce only a limited number of impulses per 
unit of time. If the absolute refractory phase lasts, for example, 0.002 sec- 
ond, the tissue cannot produce more than 1 :0.002 = 500 impulses per 
second; at a higher frequency individual stimulations will act upon the 
tissue which is still in a state of complete inexcitability, owing to which 
the frequency of the impulses will be lower than that of the stimulation. 
Proceeding from this Wedensky, as before stated, introduced in physiology 
the concept of functional lability characterizing the latter by the maximal 
number of impulses the tissue is able to prodyce per second in strict con- 
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formity with the rhythm of the stimulations acting upon the tissue. For 
the nerves of poikilothermal animals this number is close to 500, while in 
homoiothermal animals it 
reaches 1,000; for the skeletal 
muscle subjected to direct 
stimulation it is much small- 
er; it is still smaller for the 
endings of the motor nerve 
in the muscle, as testified to 
by experiments in which 
the muscle is stimulated in- 
directly. 

In studying the passage of 
impulses through a section of 
the nerve modified by the 
action of narcotics, salt solu- 
tions, strong electric current, 
heating, mechanical pressure, 
etc., Wedensky showed that 
the lability of this modified 
section decreased. The con- 
duction of impulses through 
the modified section of the 
nerve situated between the 
site of stimulation and the 
muscle reveals characteris- 
tic features. The difference 
between the action of weak 
and strong rhythmic stimula- 
tions disappears first; this 
is the so-called equalization 

N. Wedensky stage. As a result of further, 

f more profound changes in 

this section of the nerve, 

a strong stimulation either evokes no appreciable muscular contraction 

at all, or causes only a weak initial contraction, while a weak stim- 

ulation continues to produce considerable tetanuses. This is the 

so-called paradoxical stage (Fig. 218). Finally, the modified section 

of the nerve loses its ability to react not only to strong stim- 

ulations, but to weak stimula- 

tions as well. Thus there arises 

complete inconductivity, or 
the inhibitory stage. 

In view of these facts the 
theory advanced by Wedensky 
to explain the nature of in- 
hibition acquires considerable 
importance. He believed that 
any agent acting on the nerve 








Fig. 218. Paradoxical stage. 
Frog's nerve-muselo preparation during developing parabio- é : : 
uia 43 minutes after smearing s clion of nerve with cocaine. as a stimulus created by its 
Strong stimuli (23 and 20 ¢ distances between coila) pro. protracted and uninterrupted 


duce rapidly paming contractions while weak stimuli (28, ; 
29 and 30 cm.) continue to cause prolonged tetanic contrac- action a local focus of stable 


tions (after N. Wedensky). and nonfluctuating excitation 
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confined to the site of its emergence. This deepened excitation which is no 
longer able to spread Wedensky named parabivsis. When this state is fully 
developed the tissue seems to have lost its functional properties—excita- 
bility and conductivity—since being itsclf strongly excited it becomes re- 
fractory to new stimulations. 

Another specific feature of parabiotic excitation, in addition to its sta- 
bility and continuity, is its ability to deepen under the influence of incom- 
ing impulses of excita- 
tion. Therefore, the 
stronger and more fre- 
quent the incoming im- 
pulses, the stronger the lo- 
cal excitation in the para- 
biotic area and the more 
impeded the further con- 
duction. The parabiotic 
area, characterized by 
extremely low lability, 
becomes unable to repro- 
duce strong and frequent 





h . ‘ip. 219. i Asi gli - 
excitations. This accounts Fig. 219. Optimurn a Poni of tirnu 
both for the equalization uacle is stimulated from nerve (read right to lef), When tetanus 
and paradoxical stages. rops considerably (C) under tho action of prolonged and atrong 

. Š imulun (with 22 erm, distance between induction coils) ducrcasing 
According to Wedensky, w ntinmlation (in a) by rapidly moving secondary coil to dis- 
this also underlies the meo of 32 em. from prunary coil immediately enhance totanus; 
foregoi 7 va reugtheniny of stimulation (return to the 22m, distanee between 

Cpoing (page 467) phe te voil) results in new celaxation of muscle, Samo ia repeated 
nomena of pessimum in we more (b). Lower line marks time in seconds: line above ro- 
a nerve-muscle prepara- cords moments stimuli are changed (after N. Wedennky), 


tion caused by strong or 

frequent stimulations (Fig. 219). In this case, however, it is the endings 
of the motor nerve in the muscle which form the area of lowered lability. 
Here the suppression of the contractile effect is not due to the fatigue of 
the endings of the motor nerve in the muscle, because contraction imme- 
diately recovers when stimulation becomes weaker or less frequent. 


PART XIII 
ACTIVITY OF THE NERVOUS SYSTEM 


A. GENERAL CHARACTERISTICS OF THE CENTRAL NERVOUS 
SYSTEM AND THEORY OF REFLEXES 


The physiology of the central nervous system is a particularly important 
link and a pivotal branch of physiological science. It reflects to a certain 
extent the material of all the branches of physiology, since the central 
nervous system influences all the functions of the body. 

The central nervous system integrates all the processes in the organism, 
determines the behaviour of human beings and animals in their environ- 
ment and their interrelation with surrounding nature. Developing in the 
course of this interrelation more than any other system of organs in the 
animal body, the central nervous system plays a leading part in the evolu- 
tion of all the functions of the organism. In its study of the activity of the 
human cerebral cortex physiology comes in contact with the most essen- 
tial problems of philosophy relating to human thought and consciousness. 
Owing to this, research into the activity of the higher part of the brain 
gives rise to a bitter struggle between consistent and advanced materialism 
(given embodiment in physiology in the great work of Pavlov) and various 
idealistic trends. 

The “true physiology of the cerebral hemispheres” developed by Pavlov 
at the same time provides a basis for the study of the normal course of all 
physiological processes, essential not only to physiology, but also to various 
branches of practical medicine, hygiene, pedagogics and natural science as 
a whole. For a better understanding of Pavlov’s reflex theory, and for 
better orientation in the concrete material relating to the activity of the 
nervous centres, it is first necessary briefly to consider the development of 
the reflex theory from Descartes to Pavlov. 


CHAPTER 51 


DEVELOPMENT OF THE PHYSIOLOGY OF THE CENTRAL 
NERVOUS SYSTEM. PRE-PAVLOVIAN AND PAVLOVIAN 
THEORIES OF REFLEXES 


Development of Research into the Activity of the Brain 


In 1932 I. Pavlov wrote: “Although Leucippus of Miletus proclaimed 
that there was no effect without cause and that everything arose from 
necessity, is it not still believed, even leaving man aside, that there are 
spontaneously acting forces in the animal organism? As for man, do we 
not still hear talk about free will and is there not a conviction rooted in 
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many minds that there is something in us which is not subject to deter- 
mination? ... What is meant, of course, is not the temporary difficulties 
of research, immense as they are, but the impossibility in principle of com- 
plete determination. ... This conviction also persists among some psychol- 
ogists, although masked by references to the peculiar nature of mental 
phenomena, behind which, despite seemingly scientific arguments, can 
be detected the dualism and animism that is still immediately shared by 
many thinking people... .’’* 

For a long time science was in possession only of observations showing 
that lesions of the brain were followed by changes in the mental activity. 
Such facts as the loss of consciousness as a result of a blow on the head, 
or a psychical change after an injury to the brain, enabled already Erasis- 
tratus (3rd century B. C.) to assert that the brain was an organ of thought. 
All materialistically-minded physicians, biologists and philosophers con- 
curred in this thesis (which was also accepted by some idealists with the 
reservation, however, that the activity of the brain was “governed” by a 
nonmaterial soul). 


Physiologists who beginning with Flourens (in the twenties of the 19th century) 
extirpated the cerebral hemispheres first in birds and later in dogs, found that after 
this operation the animals could no longer orient themselves in the environment, did 
not take food without assistance, did not avoid obstacles in their way and lost all the 
habits acquired prior to the extirpation of the brain (for example, they did not even 
recognize their master). Numerous investigations carried out somewhat. later showed 
that the removal of different parts of the brain variously impaired the animal's 
movements and its reactions to the stimulation of receptors. 

These experiments, the experiments with electrical stimulation of different arcas of 
the cerebral cortex, and a number of clinical observations, gave rise to the theory of 
localization of functions in the cerebral cortex (Chapter 64), which only half a cen- 
tury ago madc up the entire available material concerning the experimental study of 
the higher division of the central nervous system. Facts of essential importance were 
accumulated and as a result of their consideration from a purely metaphysical point of 
view, characteristic of analytical physiology, the central nervous system was often 
pictured as an aggregate of centres, each of which possessed invariable properties and 
controlled a very definite function. The criticism of this mctaphysical viewpoint, un- 
able to explain the changing activity, properties and significance of the central nerv- 
ous system in the course of evolutionary and individual development, came down to 
a negation of the special features in the functions of the different structures of the 
cortex. This conception of equipotentiality of various parts of the brain divorced the 
functions of the brain from their materia] substratum and admitted operation of non- 
material factors. 

It should be added that prior to Pavlov all the facts accumulated by physiologists 
and relating to the activity of the cerebral hemispheres, this, according to Pavlov, 
“most extraordinary of all apparatuses” were interpreted in terms and concepts of 
psychology—a science based on a subjective evaluation by man of various mental 
states determined by processes which develop in the higher divisions of the brain. 


Origin of Concepts of the Reflex and Their Development Prior 
to Sechenov and Pavlov 


In Latin reflex means reflection,** a term which in physics designates the 
phenomenon of rays of light being thrown back by a reflecting surface. 

The term “reflection” was first used by René Descartes, French thinker, 
mathematician and naturalist (1595-1650), to describe the reactions of the 


* I. Pavlov, Complete Works, Vol. III, Book 2, pp. 164-65. 
** In his works Sechenov not infrequently used the terms “reflected movements” 
and “reflective activity" as synonymous with the terms “reflex movements” and “reflex 
activity.” 
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organism to stimulation of the sense organs (until the end of the last cen- 
tury the external receptors were designated exclusively by the term “sense 
organs”). On the basis of winking invariably produced by stimulation of 
the cornea, Descartes advanced the idea that the nervous excitation coming 
to the brain from the sense organs was reflected by the brain to the nerves 
controlling the muscles. He believed that all movements of animals were 
subject to the law of reflection by the brain of “animal spirits”—minutest 
particles transmitted by the nerves from the sense organs to the brain and 
directed by the latter through fine “pores” to the nerves extending to the 
muscles. 

By regarding reflexes as never-changing acts, Descartes believed their 
nature to be determined by the structure of the nervous system. At the 
same time he opposed reflexes to the phenomena of consciousness, i.e., to 
the highest manifestations of the activity of the human brain. Subsequently, 
the entire experimental development of the reflex theory, until it was 
reshaped by Pavlov, was confined, in the main, to the concretization and 
elaboration of these propositions, characteristic of the mechanistic trend 
in natural science. 

After Descartes, the concept of reflected actions, i.e., that of reflexes, 
was developed by the outstanding Czech naturalist G. Procházka in the 
last third of the 18th century. By that time various motor acts of decapi- 
tated (decerebrate) frogs had been described. It was observed that these 
movements invariably arose in response to stimulation of definite areas of 
the skin and that the destruction of the spinal cord (experiment of 
R. Whytt, 1764) resulted in their disappearance. The idea of reflex, how- 
ever, has become fundamental in the physiology of the nervous system 
only since the thirties of last century when the English physician Marshall 
Hall and the German physiologist Johannes Müller, following Descartes 
and Procházka, began to apply the term “reficx” to “involuntary” acts 
that could be performed in the absence of the higher divisions of the brain 
and whose nature (in their judgement) was determined only by the kind 
of receptors subjected to stimulation. 

At present by reflexes we imply all reactions of the organism produced 
by stimulation of receptors and effected with the participation of the 
nervous system (in the higher mammals normally involving the cercbral 
cortex). Although prior to Pavlov reflexes were also defined as reactions 
to stimulation of receptors (this much remained invariable), most 
19th century scientists (except Sechenov) regarded them as reactions 
depending exclusively on the activity of the lower divisions of the central 
nervous system—spinal cord and medulla oblongata or the brain stem. 
Instead of a generalizing conception interpreting all forms of behaviour 
as reflex activity, physiology prior to Pavlov implied by reflexes only those 
reactions which were produced with invariable exactitude by stimulation 
of receptors and characterized the behaviour of animals deprived of the 
higher divisions of the central nervous system. 

The invariable reactions by decerebrate animals to each stimulation of 
the receptors was the corner-stone of the entire reflex theory prior to 
Pavlov. This fact in itself is correct, since certain reflexes are always 
reproduced in the same way only after the removal of the higher nervous 
centres. For example, the cat with extirpated cerebral hemispheres, what- 
ever the position in which it is placed, will always recover an upright 
position, thus exhibiting the “righting reflex” (Chapter 59). But it is a 
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well-known fact that the normal cat can assume various postures. Stimu- 
lation of the cornea always provokes winking, but a normal animal may 
also react otherwise to this stimulation (for example, by moving off, biting, 
etc.), which prior to Pavlov was regarded as voluntary reactions, i.e., not 
determined. Hence the conclusion that two categories of phenomena 
existed in the human and animal organism: on the onc hand, invariable 
reflexes depending solely on the activity of the spinal cord, medulla 
oblongata, or brain stem and predetermined by the nature of the stimu- 
lation of receptors by which these reflexes were produced; on the other 
hand, “voluntary” actions which were not determined by the stimulations 
which produced them, but were conditioned by the activity of the higher 
divisions of the central nervous system. The first phenomena were inter- 
preted as resulting from the operation of a mechanism whose properties 
were determined by its structure, i.c., chiefly by the disposition of the 
neurons included in the reflex arc, while the “voluntary” actions were 
regarded as a manifestation of mental activity. 

Although many researchers believed that mental activity resulted from 
the work of the brain, they considered this activity inaccessible to investi- 
gation by physiological methods. Therefore, as stated by Pavlov, “...for 
the first time since the days of Galilei the irresistible march of natural 
science has been held up quite perceptibly before the study of the higher 
divisions of the brain, the organ of the highly complex relationship between 
the animal and the external world. And it would seem that this is not 
fortuitous, that this is indeed a critical moment in natural science, since 
the brain, which in its higher form—the human brain—created and is con- 
tinuing to create natural science, itself becomes the object of this science.” * 

The difficult transition from the study of spinal medullar or midbrain 
reflexes to the knowledge of the integral activity of the nervous system 
could be successfully accomplished by virtue of the work of the great 
naturalists Sechenov and Pavlov. 


Reshaping of the Reflex Theory by Sechenov and Pavlov 


Sechenov’s work of 1863 was the first attempt to extend physiological 
analysis to the most complex phenomena of nature, the phenomena of 
consciousness. In this work originally entitled An Attempt to Introduce 
Physiological Principles into Mental Processes (upon the insistence of the 
tsarist censorship it was given the title Reflexes of the Brain) Sechenov 
asserted that the most complex phenomena of mental activity were basi- 
cally reflex acts. Sechenov interpreted the reflexes not as strictly limited 
reactions in each case involving only a definite effector organ, but as 
integral acts of the organism’s behaviour. He regarded the reflexes as the 
most general mechanism of nervous reactions which ensured the connections 
of the organism with the external environment and acquired special quali- 
tative features as a result of the activity of the brain. 

Sechenov’s book was a synthesis of the progressive ideas of the philos- 
ophy of natural science in the sixties of last century; it considerably sur- 
passed the level of experimental physiology of the time. When Sechenov 
published his book there were no methods for investigating the physio- 
logical processes developing in the brain of a normal animal. The idea of 


* I. Pavlov, Complete Works, Vol. III, Book 1, p. 113. 
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reflex could therefore be applied to the analysis of the work of the brain 
only in the “brilliant flight” of the theoretical thought of a genius (as 
Pavlov appraised Sechenov's book), rather than under concrete laboratory 
conditions. But Sechenov’s book was a bold and impassioned plea to extend 
natural-scientific analysis to all phenomena of life, including the most 
complex forms of interaction between the organism and the external 
environment established by the activity of the brain. This plea was trans- 
lated into reality by Pavlov. 

The transition of physiology from the study of the processes considered 
purely physiological to those referred to as psychic (even in animals), 
began for Pavlov with the question as to the way he should investigate 
the phenomenon of the so-called psychic excitation of the salivary glands 
(i.e., of salivation at the sight of food or as a result of teasing by food, etc.). 

One of Pavlov's associates attempted to explain this excitation ". .. from 
a subjective point of view, i.c., proceeding, by analogy with ourselves, 
from an imaginary inner world of dogs ... from their thoughts, feelings 
and desires.” As stated further by Pavlov, he and his associate “... fully 
disagreed on the interpretation of this world, and no further attempts on 
our part could bring us to any common conclusion.”* The associate 


‘“... persisted in the subjective interpretation of phenomena...” while 
Pavlov “... surprised at the fantastic character and scientific futility of 
such an attitude towards the task to be solved ... after a difficult mental 


struggle ... decided ... to remain even in respect of the so-called psychic 
excitation in the role of a pure physiologist, i.e., of an objective observer 
and experimenter who deals exclusively with external phenomena and 
their interrelations.”** Having taken to this way, Pavlov interpreted the 
“psychic excitation” of the salivary glands as qualitatively peculiar 
reflexes. He disclosed the laws which govern the formation of countless 
new reflex acts elaborated during the lifetime of each individual and deter- 
mining the entire activity of higher organisms; by his theory of conditioned 
reflexes he ushered in a new era in the development of biological and 
Medical science.*** 

Pavlov’s transition to the study of “pure physiology of the brain” was 
conditioned by his desire to know the normal activily of the organism as 
a whole, which was characteristic of his entire scientific work. In his 
researches devoted to blood circulation and digestion, Pavlov still divorced 
psychic processes from reflexes, and, according to his own subsequent 
statement, judged very “freely and easily” of the emotions of the experi- 
mental animals. But even at that time Pavlov was the only physiologist 
engaged in the study of normal reflex acts. 


At the time none but Pavlov had any methods for studying the work of the inter- 
nal organs in normal animals (and no one strove for it even with a fraction of the 
consistency and persistence which were so characteristic of Pavlov). Pavlov investi- 
gated all the processes of digestion and the mechanism responsible for the constancy 
of blood pressure, aiming, in the final analysis, to learn about the normal work of the 
organs of digestion and blood circulation under conditions of the organism’s natural 
relations with the environment. Whereas prior to Pavlov physiologists studied reficxes 
mainly by experimenting on animals deprived of the cerebral hemispheres, Pavlov 
investigated the normal reflex acts of integral organisms. Only these reflexes of the 


* Ibid., p. 13. 

** Ibid., p. 14. 
*** Pavlov first reported on his new ways of research at the International Medical 
Congress in Madrid, in April 1903. The study of conditioned reflexes was begun in 
1901 in Pavlov’s laboratory by I. Tolochinov. 
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organism could be regarded as fundamental factors of its adaptation to the external 
environment. Thus, the entire system of Pavlov’s previous researches, aimed at study- 
ing the normal functions of the organism as a whole, paved the way for a transition 
to the study of conditioned reflexes. 


Pavlov’s theory of conditioned reflexes “...led to the creation of a new 
branch in the physiology of animals—the physiology of the higher nervous 
activity, as the first chapter in the physiology of the higher division of the 
central nervous system.”** Only with the development of this theory could 
natural science begin to solve “...the persistent, fundamental question: 
what is the connection between the brain and the animal’s or our own 
higher activity?” ** 





T. Pavlov 


The elaboration of the theory of conditioned reflexes began with the 
natural-scientific analysis of such a seemingly simple and—compared with 
the whole organism—minor phenomenon as the secretion of saliva under 
the action of agents usually preceding the process of eating. The expres- 
sion “the mouth waters” existing in many languages shows that the above 
fact itself was known long ago. Only the genius of Pavlov, however, was 
able to discern in this fact “...an elementary mental phenomenon which 
at the same time could be fully and rightly regarded as a purely physiolog- 
ical phenomenon; beginning with it—with a strictly objective study (as is 
generally done in physiology) of the conditions of its emergence, its various 
complexities and its disappearance—one could obtain first of all an ob- 
jective physiological picture of the entire higher nervous activity of ani- 


* I, Pavlov, Complete Works, Vol. III, Book 2, p. 320. 
* Ibid, 
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mals, i.e., the normal functioning of the higher part of the brain, instead 
of the previous experiments involving its artificial stimulation and destruc- 


tion.” * 


Fundamental Principles of Pavlov’s Reflex Theory 


Pavlov wrote: “The theory of reflex activity is based on three funda- 
mental principles of exact scientific investigation: firstly, the principle of 
determinism, i.e., an impulse, impetus or cause for every given action or 
effect; secondly, the principle of analysis and synthesis, i.e., the initial 
break-up of the whole into its parts or units, and the subsequent gradual 
re-establishment of the whole from these units and elements; and, finally, 
the principle of structure, i.e., the disposition of the activity of force in 
space, the adjustment of dynamics to structure.” ** 

The principle of determinism, as before stated, lies in the consistent 
application of the law of material causality to all phenomena without any 
exception and in all organisms. This means that all natural phenomena, 
including the most complex, are always determined by the causes which 
evoke them, and that in the presence of such causes the phenomenon which 
is called forth by them must inevitably occur. This conception of deter- 
mination of all phenomena in the organism advances the propositions of 
Sechenov who stated that “...all acis of conscious and unconscious life are 
reflexes by their origin.” *** 


This principle of determinism rejects the conception of “voluntary” actions, as 
actions arising spontaneously, i.e., without any external cause. And it was not without 
reason that in referring to the spontaneous emergence of bio-electric currents in the 
medulla oblongata, Sechenov specified that the term “spontaneous” did not disclose 
the nature of the phenomenon produced by an undoubtedly existing though still un- 
known cause, Although science is still unable to explain the origin of a number of 
phenomena in the organism and although with the progress of science more and more 
natural phenomena, that ure still obscure, will be elucidated, materialistic natural 
science is based on the thesis that every occurrence in the world has its material 
cause. It is preciscly on the basis of this fundamental proposition that Pavlov 
developed his theory of conditioned reflexes. 


The principle of analysis and synthesis, as applied to the investigation of 
the brain, consists in the fact that by its activity the central nervous 
system, mainly its higher division, constantly dismembers, breaks up the 
stimuli acting on the receptor mechanisms, and at the same time synthe- 
sizes, unites into various complexes the action of stimuli separated in the 
course of analysis (Chapter 62). 

The principle of structure in the reflex theory signifies that any nervous 
process develops in definite morphological structures. The specific features 
of various reflexes always depend on the processes going on in the different 
structures of the central nervous system. Function and structure deter- 
mine each other. We still know very little of the delicate changes taking 
place in the various nervous structures and in the interconnection of differ- 
ent groups of nerve cells in the course of reflex activity. Many questions 
arise here at every step. But we do know that there is not a single phe- 
nomenon in the most complex forms of the higher nervous activity which 
is not determined by material processes going on in numerous formations 
of the brain whose structures and functions are diverse and changeable. 


* Ibid., p. 322. 


** Ibid., p. 164. 
*** I. Sechenov, Selected Works, U.S.S.R. Academy of Sciences, 1952, p. 124. 
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CHAPTER 52 
GENERAL CHARACTERISTICS OF REFLEX ACTIVITY 


Pavlov pointed out that the nervous system was the most complex and 
delicate instrument on our planet; that by means of this system connections 
were established between the numerous parts of the organism and between 
the organism, as a highly complex system. and the innumerable external 
influences. These connections are established through reflexes. 


Reflexes 


All acts of the organism in response to stimulation of the receptors and 
involving the central nervous system are reflexes. 

Giving a general] description of reflex activity Pavlov wrote: *... A cer- 
tain agent of the external world or of the organism’s internal environment 
produces a certain effect in one or other nervous receptors; this effect is 
transformed into a nervous process, into nervous excitation. The excila- 
tion is transmitted along certain nerve fibres, as though along an electric 
cable, to the central nervous system; thence, thanks to the established nerv- 
ous connections, it passes along other nerve fibres to the working organ, 
where it is transformed into a special activity of the cells of this organ. 
Thus, the stimulating agent is indispensably connected with the definite 
activity of the organism, as cause and effect.’* 


Normally reflexes ure produced only by stimulation of receptors. Artificially they 
can be produced by stimulation of the afferent nerves which extend from the recep- 
tors; this can be illustrated, for example, by the secretion of saliva in response to 
stimulation of the afferent fibres of the lingual nerve (page 244). This method is often 
used in experiments connected with the study of reflex activity. Direct stimulation of 
afferent nerves is sometimes also observed in man in pathological cases, for example, 
when the nerve trunks are compressed by tumours. Such stimulation may give rise to 
abnormal reflexes: for example, prolonged hiccup during stimulation of the afferent 
fibres of the phrenic nerve, vomiting during stimulation of certain sensory fibres of 
the vagus, etc. 


Reflexes may be divided into two categories: unconditioned and condi- 
tioned reflexes. Normally each reflex act is almost invariably a complex of 
unconditioned and conditioned reflexes united in integral complex reflex 
acts. These two categories of reflexes, however, differ in the mechanism of 
their origin. 

Unconditioned reflexes are inborn reactions of the organism; they are 
similar in all individuals of the same species and manifest themselves in 
effects whose nature is determined in typical cases only by the receptors 
stimulated and the strength of this stimulation. Each unconditioned reflex 
therefore has its receptive field; the latter covers the area containing all the 
receptors, whose stimulation causes the given reflex (Fig. 246). Uncondi- 
tioned reflexes can be effected, though in a somewhat modified form, after 
the removal of the cerebral hemispheres. These are the reflexcs which were 
investigated long ago; prior to Pavlov, however, they were studied apart 
from the normal activity of the integral organism. 

Conditioned reflexes are formed in the course of the organism’s indi- 
vidual life; in higher animals they necessarily involve the cerebral cortex. 


* I. Pavlov, Complete Works, Vol. IV, p. 22. 
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Their elaboration is due to the formation of temporary connections, while 
the effect of each conditioned reflex depends not on the nature of the stim- 
ulation which produces it, but on the kind of the other nervous act with 
which this stimulation coincided in time.* 


Evolution of the Structure and Functions of the Nervous System 


At the earliest stage of development of the nervous system in the phylum 
Coelenterata (for example, the medusa), special receptor structures appear 
on the surface of the body in the shape of modified epithelial cells. Their 
endings, turned inside the body, come in contact with a network of fibres 
of the nerve cells; this network is underlain by muscle cells which function 
as effectors. Thus, already at the very early stages of its phylogenetic de- 
velopment the nervous system ensures connections between the receptors 
and effectors. 

In the course of evolution both the receptors and the nerve cells undergo 
differentiation. Receptors for light, sound and smell stimulations (the so- 
called distant receptors) develop in the anterior part of the body. Already 
in worms the main mass of nerve cells collects in large aggregates forming 
the central nervous system. In all invertebrates the latter is represented by 
ganglia; in the vertebrates, by the spinal cord and brain. 

In all animals the central nervous system is a region where conncctions 
between the afferent nerve fibres, extending from the receptors and the 
nerve cells giving off axons to the effectors, are established. 

As the central nervous system evolves, the connections between the 
receptors and effectors grow more and more complex. An evcr-increas- 
ing number of internuncial neurons appear between the afferent and 
efferent neurons. Masses of nerve cells develop and are superimposed, as 
it were, on the phylogenetically earlier structures of the central nervous 
system. In the invertebrates it is the ganglia lying in the anterior part 
of the body which develop most, while in the vertebrates it is the brain 
(see Fig. 262), in the brain the cerebral hemispheres, and in the latter— 
the cortex. : 

As the relations between the organisms and the environment grow in- 
creasingly complex, the functions and structure of the central nervous 
system become likewise modified and more complex. The conditioned reflexes 
elaborated during the lifetime become more important than the inborn, 
unconditioned reflexes (instincts). The function of the nervous system in- 
cessantly changes and grows more complicated, beginning with the Coelen- 
terata, which react only to a limited number of stimuli applied directly to 
their bodies, and all the way to man whose activity is determined by social 
factors and leads to his knowledge of the surrounding world and the ability 
to transform it. But in all cases the activity of the nervous system is of a 
reflex nature; in all animals this activity forms, according to Pavlov, the 
basis “...of that infinite adaptability in all of its manifestations which con- 
stitutes life on earth.’’** To this Pavlov added (1903): “Are not the move- 
ments of plants towards light and the seeking of truth through mathemati- 


* An elementary description of conditioned reflexes was given in Chapter 3; several 
examples illustrating the nature of conditioned reflexes were cited by us when 
considering various functions of the organism; a special study of these reflexes is 
made in chapters 60-65. 

** I. Pavlov, Complete Works, Vol. III, Book 1, p. 38. 
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cal analysis essentially phenomena of the same order? Are they not the last 
links of an almost endless chain of adaptation taking place throughout the 
living world?’* 


Concepts of the Reflex Arc and the Nervous Centre 


Each reflex is produced by the activity of certain structures of the nerv- 
ous system. A combination of structures involved in the accomplishment 
of each reflex is called a reflex arc. 

From the definition of reflexes it is clear that each reflex arc must neces- 
sarily include the following links (see Fig. 3): 


a receptor apparatus -»a nervous centre -~ an effector 

(including receptors and (groups of neurons of (including various organs 
affereni nerve fibres which the central nervous of the body with the effer- 
connect them with the system) ent nerve fibres’ which 
centra) nervous system) innervate them) 


In a more detailed form the same links should be represented as follows: 


receptor —> afferent fibre -> nervous centre - > efferent fibre —> effector 


When refiexes were interpreted as constant reactions of the organism, 
whose nature depended on the kind of receptors and stimuli by which they 
were produced, each reflex was considered to possess its own, inborn reflex 
arc. The discovery of conditioned reflexes showed that reflex arcs were 
formed not only in the process of the phylogenetic development of the 
central nervous system, but also in the course of its functioning. 

The nerve structures entering the central part of the reflex arc are called 
the centre of the given reflex. Normally the reflex responses of the organ- 
ism to the stimulation of receptors are complex reflex acts which include 
unconditioned and conditioned reflexes united into an integral whole. It 
follows that the centre of each complex reflex is a combination of several 
groups of neurons situated at different levels of the central nervous system. 

The entire activity of the central nervous system is of a reflex nature. 
The nervous structures described as centres of various functions (respira- 
tion, vasomotor action, vomiting, thermoregulation, urination, erection, 
pilomotor activity, etc.) are therefore reflex centres. The latter, as before 
stated, cannot have any localization adjusted to one definite point of the 
central nervous system. In his statements concerning the food centre, Pav- 
lov emphasized that it was situated at various levels of the central nervous 
system. 

This is also true for the centres of all activities of the organism. Each of 
these activities depends on the action of certain agents which evoke uncon- 
ditioned and conditioned reflexes united into complex reflex acts that gov- 
ern the given activity (for example, respiration, thermoregulation, circu- 
latory regulation, etc.). 

The centre of each function, consequently, takes in all the nerve struc- 
tures at different levels of the central nervous system (including the cere- 
bral cortex) involved in the accomplishment of reflex acts which ensure the 
performance of the particular function. As Pavlov stated “...the main 


* Ibid, 
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centre of gravity of the nervous activity lies precisely in the receptive part 
of the central relay station; herein lies the source of progress of the central 
nervous system accomplished by the brain, by the cerebral hemispheres; 
here is situated the principal organ responsible for the most perfect equi- 
libration with the external world, which is embodied in the higher animal 
organism.”’* 

The neuron theory. The nervous system consists of a multitude of nerve 
cells (in man there are more than 15,000 million such cells). Each nerve cell 
with all of its processes (axon and dendrites) is called a neuron. The inves- 
tigations carried out by a number of histologists and neurologists, such as 
M. Landovsky, A. Arnstein, A. Mislavsky, D. Zavarzin, B. Lavrentyev, and 
others (in our country), His, Held 
and especially Ramon y Cajal (in 
Western Europe), established the 
fact that each neuron is to a certain 
degree an independent structure. 
The relative independence of each 
neuron finds its morphological ex- 
pression in the fact that the endings 
of the axons and dendrites of each 
nerve cell do not penetrate into 
any other cell body or into any 
of its processes. The endings of 
the axon branches of each nerve 
cell only come in contact with 
the cell bodies or dendrites of 
other nerve cells, forming thicken- 
ings, or knobs, on their surface 
(Fig. 220). The arca of contact 
between neurons is called the 
synapse, The synapse can also be 
defined as the anatomical border 

: eae oi between two neurons, since the 
Fig. 220. Synaptic knobs (shown darker) on transmission of excitation from one 
body and dendrites of motor cell of anterior neuron {o another through the 
horns of spinal cord (after K. Lavrov). 
synapse possesses a number of spe- 
cific features (Chapter 53). 

The term “synapse” is used to denote the region where the endings of the 
axon come in contact with nerve cells or any other cells; this term, con- 
sequently, applies not only to the interneuron junction, but also to any 
point of junction between the axons of efferent neurons and the cells of 
various effectors. In accordance with this, the points of junction between 
the motor nerve fibres and the muscle cells are designated as myoneural 
synapses, and the area of contact between the secretory nerves and the 
glandular cells—-as neuroepithelial synapses. 

The axon of each neuron in the central nervous system is in synaptic 
junction not with one, but with many neurons. Histological preparations of 
the brain (Fig. 220) show that a cell body and the dendrites of each neuron 
are covered on all sides by endings of axons of other neurons. 

The relative independence of each neuron is functionally reflected in the 
fact that the transmission of excitation from one neuron to another differs 





* Ibid., p. 156. 
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from the propagation of excitation within one neuron in a number of spe- 
cific features. This fact is of very great significance. The diverse reactions 
of the central nervous system would be unthinkable if the excitation spread 
over the entire brain just as it spreads within a single neuron when the 
excitation arising in one part of the neuron consecutively embraces the 
whole neuron. 

The independence of each neuron is only relative, however. As Lavren- 
tyev pointed out, “the nerve tissue is simultaneously dismembered and 
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Fig. 221. Highly schematic diagram of neurons which form roflex ares of various complexity, 
closing at different levels of contral nervous system. 


J -Region of spinal cord (or medulla oblongata); IT---region of optic thalamus; ITa. rogion of nuclei 
of pallidal system; JJb--region of nuclei of midbrain, entering extrapyramidal system; JIJ .-corebral 
vortox. Throo nerve fibres marked A aro afforont fibros extending from receptors and entoring spinal cord 
or medulla oblongata (coll bodics which give off theso fibros lio in spinal ganglia or in ganglia of oranio- 
evrobral nervos S). Diagram shows contact of theso fibros with colls of spinal cord (or medulla oblongata), 
which by their axons form ascending pathways (A,), and with intornuncial ncurons (littlo black cireke). 
Largor white circles A, and A, are nerve colla forming asconding afforunt pathways by thoir axons: 4,, 
neurons whose axons conduct impulsea to nucloi of optic thalamus; A, neurons whose coll bodies lie in 
rogion of optic thalamus, and whose axons terminato at A,, cella of corebral cortox. Little black cirolus 
show ool! bodies of intornuncial neurons of various parts of brain and spinal cord; axons and dendrites 
of these nourona do not go beyond corresponding part and form numerous connections. #, cella of corebral 
cortox forming descending pyramidal pathway to torminal efferont nourons (£f.). E, —cortical colls 
forming fibres which descend to colle of pallidal system (also connected with optio thalamus). Latter 
act upon terminal efferent neurona (Efj.) through efferent neurons (£yj7) of brain stom. E.f. fibros of 
efferent norvea. Asconding pathways arc shown by solid linea; doscunding pathways, by dotted linos. 
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integral. Synaptic connections between the neurons ensure the relative 
autonomy of the neurons, which is inherent in any cell of the organism. 
But the same connections unite the neurons into a qualitatively new cate- 
gory and ensure the direction of the excitatory process in the nerve tissue.” 


Neurons Forming the Reflex Arc 


Each reflex arc includes: 1) neurons giving off afferent fibres to the recep- 
tors, 2) neurons projecting efferent fibres to definite effectors, and 3) inter- 
nuncial neurons connecting the afferent and efferent neurons, 

Afferent neurons. All neurons whose axons connect the receptors with 
the central nervous system, thus forming afferent nerve fibres, are periph- 
eral afferent neurons. Their cell bodies lie in the spinal ganglia or in homolo- 
gous ganglia of the cranial nerves.* Each of the axons of these alferent 
neurons divides near the cell body into two branches: one of the branches 
extends to the receptor, the other enters the spinal cord (through the pos- 
terior roots) or the medulla oblongata." 


Some cell bodies of afferent neurons lic outside the spinal ganglia along the nerve 
trunks and in the nerve plexes of the internal organs. Some neurologists assume that 
a small number of the afferent fibres enters the spinal cord through the anterior roots. 


The neurons of the central nervous system (Fig. 221) which form its as- 
cending pathways (page 582) can be likewise regarded as inner-central affer- 
ent neurons; they also include the axons of the group of neurons of the 
optic thalamus (page 598) and the neurons which are situated in the cortex 
and at which the nerve fibres entering the cortex from the lower regions of 
the brain (mainly from the optic thalamus) terminate. 

Efferent neurons. Neurons whose axons form effector nerve fibres con- 
necting the central nervous system with the effectors, are terminal efferent 
neurons. They are called terminal because excitation arising in the centres 
is transmitted to the effectors only along the axons of these neurons. 

The efferent neurons whose axons transmit impulses to the skeletal 
muscles producing contraction of the latter are called motor neurons, or 
motoneurons; the cell bodies of these neurons lie in the anterior horns of 
the grey matter of the spinal cord and in some nuclei of the medulla ob- 
longata; their axons are motor nerve fibres. The axons of all other efferent 
neurons of the central nervous system form preganglionic fibres of the 
vegetative nervous system; the cell bodies of these neurons are siiuaied in 
the lateral horns of the spinal cord, in the medulla oblongata (the nuclei 
of the V, VII and X pairs of cranial nerves) and in the midbrain (the nucleus 
of the III pair of nerves); the axons of these neurons terminate at the 
vegetative ganglia, at their cells giving off efferent (postganglionic) fibres. 

Neurons whose axons form descending pathways of the central nervous 
system (fibres of the pyramidal and extrapyramidal system) are usually also 


* The afferent fibres of the optic and olfactory nerves are of a special nature. These 
fibres are axons of nerve cells lying in the olfactory and visual receptors. 

** At present many histologists designate as an axon of an afferent neuron only that 
branch of the neuron which extends from the place where the short process of the 
cells of the spinal ganglia branches out to the spinal cord (or medulla oblongata) and 
the other part of this process extending to the receptor as a dendrite. In this case only 
those fibres are designated as axons which transmit impulses from the body of the 
nerve cell, while the processes transmitting impulses to the body of the nerve cell are 
called dendrites. 
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regarded as efferent neurons (according to the nature of their function). 
Along the aforesaid pathways impulses from the higher parts of the brain 
are transmitted to the effector terminal neurons, i.e., to motoneurons, or 
neurons whose axons form preganglionic vegetative fibres. 

Internuncial neurons. Internuncial neurons (Figs. 221 and 222) are neu- 
rons which have no direct connection with receptors or effectors and whose 
axons do not extend beyond this or other part of the central nervous system 
(spinal cord, medulla oblongata, midbrain, cerebellum, pallidal system, 
cerebral cortex); owing to this, they do not participate in the formation of 
long conducting pathways. All the internuncial neurons are receptive 
neurons (p. 525). They only differ from the neurons which may be termed 
intra-centra] afferent neurons (whose axons form ascending pathways of 
the central nervous system) in that the impulses arising in different groups 
of receptors can be conducted to them. In other words, their structural 
connections with the fibres, conducting impulses from various recep- 
tors, are not so firmly 
fixed as those of the neu- 
rons which form the con- 
ducting pathways. Most 
afferent fibres extending 
from the receptors do not 
directly contact the effer- 
ent neurons, but the inter- 
nuncial neurons (and the 
neurons whose axons form 
ascending pathways of the 
spinal cord and medulla 
oblongata). 


The number of all efferent 
fibres issuing from the central 
Nervous system, and conse- 
quently of the efferent neurons, 
runs into hundreds of thou- 
sands. There are two to four 
times as many afferent fibres, kig, 299. Diagram illustrating different. forins of con- 
and consequently afferent neu- nection between afferent fibre (a) with internuncial 
rons, as there are efferent  nourons (b) of spinal cord situated on way to efferent 
fibres and neurons. The total neurons (K) (on left, direct connection of separate 
number of both is estimated branches of afferent fibre with efferent, neuron); 
at several million, while that g.ap- | of spinal ganglion (after R. Cajal, with 
of the nerve cells in the cere- some modifications). 
bral cortex alone is believed 
to run into 14 or 15,000 million. 

These figures—the thousands of millions of neurons which arc not directly connected 
with effectors or receptors (compared with the several millions of afferent and efferent 
neurons)—convincingly demonstrate the significance of the internuncial neurons. 





Connection between neurons in a reflex arc. Figs. 221 and 222 schemat- 
ically illustrate the connections between the afferent fibres and the neu- 
rons of the central nervous system. The figures show the important fact 
that upon entering the spinal cord, the afferent fibres give off several 
branches, as a result of which each afferent fibre establishes a synaptic 
connection not with one, but with several neurons lying in the spinal 
cord or medulla oblongata. 

The branches of afferent neurons terminate at the internuncial neurons, 
and not directly at the efferent neurons of the spinal cord and medulla 
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oblongata (a probable exception is described on page 570). The axons of the 
internuncial neurons, in their turn, give off several little branches which 
terminate either on other internuncial neurons, or on efferent neurons. The 
scheme, according to which a reflex arc consists only of three neurons— 
afferent, internuncial and efferent—is far from corresponding to reality. A 
reflex arc may include two or more internuncial neurons; consequently, 

impulses from afferent fibres can spread along a number of pathways. 
Axons forming the pathways of the central nervous system connect all 
of its structures, including the cerebral cortex. The great number of neu- 
rons of the cerebral cortex, the cerebellum and a number of nuclei of 
the diencephalon and midbrain may be regarded as aggregates of internun- 
cial neurons superimposed on the lower divisions of the central nervous 
system; none of them, we 
repeat, are directly connect- 
eZ X% ed, through their axons, 
with either the receptors or 

Z ti the effectors. 


Ea Connections between the neu- 


rons may be of the multiple 
chain (Fig. 223, right diagram) 
and the closed chain (Fig. 223, 
lcít diagram) types. In the latter 
case impulses arising under the 
action of afferent stimuli in definite neurons are transmitted through intra-central 
connections, formed by the processes of the axons, to the same neurons in which 
they originated. Owing to this, the excitation produced in the centres can be kept 
up by the circular movement of excitation along the cyclic system of the neurons. 
The circular movement of the excitation abruptly stops here when the circling 
excitation gets into the refractory phase created by the preceding impulse. 


Fig. 223. Multiple (right) and closed (left) inclusion 
of various neurons into a reflex are (after Lorente 
de Nó). 


Reflex Activity and Humoral Factors 


Concept of neurohumoral regulation. As before stated, in a number of 
cases changes in the composition of the blood bring about changes in the 
functions of the organism. 

Such changes in the composition of the blood are caused: a) by the pas- 
sage of tissue metabolites of any organs into the blood; some of these metab- 
olites are formed continuously (for example, CO.), others appear in large 
quantities only under special conditions, for example, in anoxia or during 
destruction (disintegration, necrosis) of various tissues; b) by the passage 
of hormones, formed in the endocrine glands, into the blood. 

Changes in the composition of the blood upon entrance of certain sub- 
stances into it may essentially alter a number of physiological processes. 
Suffice it to remember the action of carbon dioxide on respiration, the hor- 
mone of the posterior lobe of the hypophysis on the kidneys, hypoglycemia 
on the nervous system, etc. 


The action of the substances carricd by the blood (as well as by the lymph and 
cerebrospinal fluid), i.c., thcir humoral action, gave rise to the concept of the so-called 
humoral regulation of physiological functions. At first it helped in accumulating facts 
which showed the significance of chemical changes in the organism, but subsequently 
led to the idea of the supposedly independent nature of humoral regulation. Hence the 
erroneous contraposition of the action of humoral agents to the phenomena of reflex 
regulation. This system of views divorced the action of substances carried by the blood 
from the integral activity of the organism in its cnvironment. The fact that the for- 
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mation and influence of active chemica] substances on various functions of the organ- 
ism is always connected with the regulating influence of the central nervous system, 
was not sufficiently appreciated. 


Actually, there is no independent humoral regulation as a closed group 
of separate, isolated phenomena, independent of reflex processes. The vari- 
ous active substances carried by the blood arc, as a rule, only participants 
of reflex acts. 

The dependence of the blood composition on reflex influences was dis- 
cussed in Chapter 7. Characteristic examples are: reflex regulation of the 
content of sugar and water in the blood, and regulation of the entrance of 
hormones (adrenalin, thyroxin, insulin and pituitrin) into the blood. 

Reflex mechanism of the action of humoral agents. All tissucs and blood 
vessels have numerous osmorcceptors and chemoreceptors which are stimu- 
lated by carbon dioxide, oxygen deficiency, acetylcholine, histamine, changes 
in the osmotic properties of the blood and its ion composition (including 
changes in the concentration of H-ions) and certain drugs (for example, 
lobeline, camphor, etc.). Stimulation of receptors reflexly influences blood 
circulation, respiration and other processes in the organism. The reflexes 
produced by stimulation of chemoreceptors are, for example, respiratory 
changes caused by an accumulation of carbon dioxide in the blood and tis~ 
sues and circulatory changes resulting from hypoxia. It is also probable 
that in the action of some hormones a certain part is played by reflexes 
resulting from the stimulation of chemoreceptors by hormones. 

Direct action of various chemical substances on the central nervous 
system. As the most reactive structures of the organism, the nerve cells 
are highly sensitive to any changes in the composition of the surrounding 
medium. This is clear from the fact that the cells of the cerebral cortex are 
the first to react to oxygen and vitamin B deficiency, decrease in blood 
sugar, acidosis, ctc. 


In a number of cases the central nervous system reacts to considerable changes in 
the normal composition of the internal medium not by coordinated reflex acts, but 
cither by a suppression of functions or by genera] excitation, For example, the direct 
action of oxygen deficiency in the blood on the respiratory centre causes paralysis of 
this centre. A decrease in the sugar content of the blood, if it directly influences the 
nervous centres, also deranges their coordinated activity and manifests itself in gen- 
eral convulsions. 


Changes in the composition of the blood may greatly influence the exci- 
tability of the central nervous system. The effect of sexual hormones on the 
excitability of the reflex arcs of sexual reflexes is a good illustration. 


Some substances, alien to the animal organism, stimulate definite structures of the 
central nervous system; owing to this, their introduction into the blood evokes coordi- 
nated acts. Apomorphinc is one of these compounds; it provokes vomiting by its direct 
action on the vomiting centre (most of the other substances provoke vomiting through 
the stimulation of the receptors of the alimentary canal, i.e., reflexly). Hypnotics and 
certain febrifugal substances may also be regarded as agents which in a certain meas- 
ure produce coordinated changes and which act electively on definite structures of 
the central nervous system. The paralyzing effect produced primarily on the cerebral 
cortex by the substances used in general anaesthesia (this narcosis usually being pre- 
ceded by a phase of excitation) is of great practical importance. 


Participation of the humoral mechanism, as an intermediary link, in 
some reflex acts. Stimulation of any receptors may produce an un- 
conditioned (and a conditioned) reflex excitation of the neurons which in- 
nervate a certain endocrine gland. This reflexly alters (increases or de- 
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creases) the passage of the hormone of the given gland into the blood; the 
action of this hormone on certain effectors modifies their activity. Instead 


of the chain: 
receptor -> afferent fibres -> centre -- efferent fibres- effector 
we have the following chain: 


receptor -> afferent fibres -~ centre - » efferent fibres- - endocrinal gland 
discharge of the hormone into the blood -= effector. 


This is schematically shown in Fig. 224. 
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g. 224. Diagram illustrating direct reflex influonee on an organ (Eff.) und reflex- 
humoral influence, including a humoral link. 
R, rocoptor; A, afferent nervo fibrea; D -rogion of lowor divisions of contral norvous aystem where afforont 
impuleca can bo switched ovor both to cfferont neurons (#,) directly innervating offector (Ef. ), and cffor- 
ont fibros (#,) acting upon ondocrino gland (G), whose hormono is carried by blood along blood vessels 
to offector, thus modifying its activity. Arrows show possible ways of propagation of impulsos from 
receptor to higher parts of brain (7) in which thesc i pulses can be transferred both to E, and £,, owing 
tw olaboration of oc iditioned rofiexos, 
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The reflex neurohumoral regulation of the function of the kidneys de- 
scribed on page 406 is a typical example of a reflex act, whose efferent link 
includes production of hormones. A similar example is offered by the in- 
crease in the sugar content of the blood during strenuous work, the in- 
crease caused by reflex stimulation of the secretion of adrenalin and the 
subsequent breakdown of liver glycogen due to the action of adrenalin. The 
heightened secretion of thyroxin, the hormone which intensifies the ex- 
change of energy, is also a reflex response of the thyroid gland to the cool- 
ing of the body. 

Reflexes having an effcrent humoral link may be both unconditioned and 
conditioned reflexes. The latter are involved in complex reflex acts peculiar 
to each activity of the organism. 


The humoral link involved in the accomplishment of reflexes may even consist of 
two components; for example, certain hormones of the hypophysis humorally affect 
other endocrine glands (sexual! and thyroid glands). The following pathway of a reflex 
is therefore also possible: 
receptor ` afferent fibre -> centre > efferent fibre to the hypophysis --» action of the 
hypophyseal hormone through the blood on the gland n > action of the hormone of the 

gland n through the blood on the effector. 


The facts demonstrating the participation of the humoral (hormonal) link in the 
accomplishment of certain reflexcs warrant the assumption of a reflex nature of the 
phenomena which procced so slowly that no dircct nervous influences upon them have 
as yet been discovered. But considering the reflex mechanism of the action of humoral 
agents we can speak not only of the reflex regulation of diuresis, the sugar content in 
the blood or thermoregulation (which has become almost universally recognized), but 
also of a similar regulation of growth (through the reflex stimulation mainly of the 
hypophysis and the thyroid), regulation of sexual maturation, reflex nature of the invo- 
lution of the thymus, reflex nature of obesity, ctc.; consequently, we can see in all 
these effects the influence of the external and internal environment which is exerted 
upon them through the nervous system. 


The above facts show that the action of various chemical substances is 
never isolated from the reflex activity: humoral factors are always included 
in the integrated complex of reflex activity. 


Even the influence of interna] chemical changes on the chemical processes them- 
selves, for example, on the enzymic systems of ditferent peripheral tissues, also depends 
on the state of the tissucs, which is determined by nervous, i.c., reflex actions. The 
possibility of elaborating a conditioned reflex to metabolice changes provoked by the 
introduction of thyroxin clearly shows the importance of the nervous system even in 
such seemingly purely chemical processes. 


Influence of the State of Effectors on the Nature of Reflexes 


The nature of a reflex may very largely depend on the state of the eflec+ 
tors. For example, when the skeletal muscles become fatigued, their re- 
sponse to impulses from motoncurons may change and their contractions 
weaken. When the blood circulation in some organ is impaired, this organ 
often does not react to impulses transmitted to it from the centres. 

Changes in the functional state of the effectors affecting their reflex 
acts are often themselves conditioned by a reflex mechanism, and result 
from the stimulation of receptors residing in the same effectors. For ex- 
ample, muscle fatigue is to a considerable extent caused by impulses aris- 
ing in the receptors of the contracting muscles. The same is true for 
respiratory changes resulting from pathological processes in the pleura or 
abdominal cavity, changes in the micturition reflex after operations on the 
abdominal cavity, etc. 
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Peripheral Nervous Regulation 


Reflexes are usually defined as reactions of the organism to the 
stimulation of receptors necessarily involving the central nervous system. 
It is therefore impossible to regard the manifestations of the nerve 
structures situated outside the central nervous system as true reflexes. 
There are reactions, however, which are produced by the stimulation of 
receptors and which depend on reflection of the nervous excitation on the 
effectors outside the central nervous system; the term “peripheral reflexes” 
may be applied to these reactions. 

Axon-reflexes. Axon-reflexes signify reactions of various effectors pro- 
duced by the propagation of impulses from the receptors along the branches 
of the axon of the afferent nerve fibre. They were first described by 
N. Sokovnin (1874), who showed that stimulation of the central section of 
the hypogastric nerve produced a contraction of the urinary bladder even 
when the connection of this nerve with the spinal cord was disrupted. 
Subsequently, reactions which may be regarded as resulting from the con- 
duction of impulses along the axon branchings of one neuron, were de- 
scribed (Bayliss, Langley et al.) in the activity of the heart, the blood 
vessels (p. 153) and other organs. 


Some researchers doubt the existence of axon-refiexcs and regard all the phenom- 
ena described under this term as conditioned only by the synaptic peripheral trans- 
mission of impulses from an afferent to an efferent neuron. The morphological investi- 
gations of B. Lavrentyev and his pupils, however, proved that afferent fibres extend- 
ing from the receptors often gave off a branch which terminated on the smooth mus- 
cles and in the connective tissue surrounding the capillaries. Consequently, impulses 
of excitation arising in the afferent fibre as a result of the stimulation of the receptors 
may be transmitted within this neuron to its branches extending to the effectors. It is 
probable that the reaction of the latter depends on the secretion of particularly active 
substances (for example, acetylcholine, histamine) in the endings of the afferent fibre. 


The characteristic feature of the axon-reflexes is that they arc effected 
through the conduction of excitation within one neuron; the branch of the 
afferent fibre leading to the effector functions as an efferent fibre. Axon- 
reflexes do not disappear after the removal of the spinal cord. When the 
afferent fibres are sectioned distally to the spinal ganglia, but above the site 
where the afferent fibre branches out, the axon-reflexes disappear only 
after degeneration of the axons. 

Peripheral synaptic transmission of excitation from afferent to efferent 
neurons. In addition to the axon-reflexes, by which impulses are trans- 
mitted from the receptors to the effectors within one neuron (that is, with- 
out passing through any synapse between the neurons), impulses are also 
conducted along the chain of neurons which do not enter the central nerv- 
ous system. 

A considerable number of nerve cells (described by Dogiel, Ivanov, Sabu- 
rov, Lavrentyev et al.) is found in various organs (for example, the 
heart, intestinal tract, stomach and blood vessels). These cells situated in 
the intestinal tract and in the heart are often regarded as cells whose axons 
form postganglionic parasympathetic fibres, i.e., only as links in the trans- 
mission of excitation by way of the parasympathetic nervous system. It is 
hardly correct, however, to ascribe to all the nerve cells situated in the 
walls of various organs the role of mere intermediate points for impulses 
which come to them from the nerve centres. A. Dogiel has long since dis- 
covered (1895) that the sympathetic ganglia contain, in addition to the cell 
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bodies of the efferent neurons (designated as Dogiel cells, type I), cells 
which were subsequently given the name of Dogiel cells, type II. They are 
afferent neurons whose axons terminate in the cells of type I, and whose 
long dendrites form receptor apparatuses. Dogiel cells, type II, i.e., afferent 
neurons, have been discovered in a number of blood vessels, in the intesti- 
nal tract, and in the stomach. 

Thus, microscopic anatomy has established the possibility of existence of 
a reflex arc in which the contact between the afferent and efferent neurons 
is effected outside the central nervous system-—in the intramural ganglia 
of the intestinal tract, the sympathetic ganglia, the walls of the blood 
vessels and the tissues that surround them. This is also demonstrated by 
a number of physiological facts. For example, if the organs of the 
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Fig. 225. Peripheral vascular reactions to injection (arrow) of 
a 20° solution of NaCl into the fomoral arteries. 
Top to bottom: record of chango in volumo of spleen denervated 6 days 
before experiment; record of arterial pressure; zero line of preasure and timo 
intervals (in seconds). Experiment performed one hour after removal of entire 
spinal cord of the dog below corvieal segments. 


abdominal cavity (Y. Sinelnikov) and of the blood vessels are sep- 
arated (Konradi) from the central nervous system, they exhibit responses 
to the stimulation ef receptors which can hardly be regarded as axon- 
reflexes. Distention of the rectum, for example, produces a contraction 
of the uterus and of the urinary bladder even when all these organs are 
extirpated from the body and placed in a warm saline bath (Sinelnikov). 


Any action upon the vascular network of the arterial system, for example, a dila- 
tation of the arteries by a rapid injection of Ringer's solution or a concentrated solu- 
tion of sodium chloride into them produccs a considerable increase in the vascular 
tone which manifests itself in a heightened arterial pressurc, even after thc complete 
removal of the spinal cord (Fig. 225); this reaction disappears after introduction into 
the blood vessels of a solution of novocain, a substance which does not decrease the 
reaction of the vascular muscles to adrenalin and barium chloride, i.e., does not di- 
rectly affect the smooth muscles of the blood vessels. This warrants the assumption 
that the vascular reactions to dilatation or chemical stimulation of the artcries are 
produced by the stimulation of receptors; at the same time the persistence of thesc 
reactions for a period of 7 to 10 days after the severance of all nerves running to the 
given vascular area does not permit to regard them as axon-reflexes. Similarly, the 
reactions of the muscles of the intestinal tract to stimulation of its mechanorcceptors 
are almost undoubtedly due to the transmission of excitation from the afferent to the 
efferent neuron in the intramural plexus of the wall of the intestinal tract. 
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The problem of peripheral reficxes has been studicd but little. In addition to the 
aforesaid cases, these reflexes were also described for the secretory activity of the 
cutaneous glands, for the regulation of pressure in the eye and for the contraction of 
the urinary bladder. Pavlov was inclined to ascribe an important role to peripheral 
reflexes, believing them to determine the secretion of milk and pancreatic juice after 
denervation of the mammary and pancreatic glands. It should also be remembered 
that the automatism of the cardiac and smooth muscles may be hypothetically regarded 
as involving the peripheral reflexes effected by the neurons of Remak's, Biddcr's. 
Dogiel’s and Ludwig’s ganglia in the heart and by the neurons of Auerbach’s and 
Meissner's plexes in the intestinal tract. 


The activity of the peripheral nerve structures cannot be independent of 
the influence of the central nervous system upon them. This question, how- 
ever, is not clear as yet. 


CHAPTER 53 


CHARACTERISTICS OF THE EXCITATORY PROCESSES 
IN THE CENTRAL NERVOUS SYSTEM 


Nature of Afferent Impulses Acting Upon the Central 
Nervous System 


The nature of the impulses transmitted to the centres from the receptors 
along afferent nerve fibres is studied by means of recording the action cur- 
rents which arise in these fibres during stimulation of the receptors 
(Adrian). It has been shown that excitation is always conducted along affer- 
ent fibres as separate impulses. These impulses follow one another at differ- 
ent frequencies which normally vary from 3 or 4 to 200 per second. The 
impulses in the receptors arise intermittently even under continuous stim- 
ulation. 

The more intense the stimulation of the receptor, the more frequent the 
excitatory impulses arising in it. 


Certain facts (A. Speransky) warrant the assumption that not only rapidly spread- 
ing impulses can be transmitted from the receptors to the centres; it is probable that 
some peculiar effects on the nerve, similar to those described by Wedensky under the 
term periclectrotonus, are transmitted from the receptors. However, only separate 
facts concerning this subject are available, and even they have not yet been suffi- 
ciently analysed. 


Specific Features of Conduction of Excitation Through the Centres 


Nervous impulses resulting from the stimulation of receptors in the affer- 
ent nerve fibres act upon those cells in the central nervous system at whose 
surface the given afferent fibres terminate. The excitation produced by the 
impulses from the afferent fibres in these nerve cells is transmitted along 
their axons, which spread within the central nervous system, and, in its 
turn, acts upon the new groups of neurons with which these axons come in 
synaptic contact. Being thus transmitted within the central nervous system 
from one group of neurons to another, excitation (or inhibition, see Chap- 
ter 54) in the end passes over to definite efferent neurons of the final com- 
mon path, and then spreads along their axons to the effectors. Conse- 
quently, in each reflex nervous impulses are transmitted across synapses 
from one neuron to another. The study of impulse transmission across 
synapses is, therefore, important for the comprehension of reflex activity. 
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One-way conduction of impulses across the synapses. Impulses of 
excitation travelling along nerve fibres can spread in both directions from 
the point of stimulation; but in the central nervous system they usually 
spread only in the direction from the afferent to the efferent neurons. This 
means that in the central nervous system the impulses are transmitted only 
from the axon of one neuron to the cell body and dendrites of other neu- 
rons and are not transmitted from the dendrites and body of the nerve cell 
to the branchings of the axon extended to them. 


However, the one-way synaptic conduction of impulses should not be considered an 
absolute principle. In the cerebral cortex impulses can, apparently, be transmitted in 
all directions—not only from the axons of one neuron to the body and dendrites of 
another, but also from the dendrites and body of a nerve cell to the axon endings 
extended to them. 


Rate of conduction of impulses across synapses. Transmission of a 
nervous impulse from one neuron to another requires a certain time. This 
can be demonstrated by measuring the total reflex time, i.e., the time which 
passes between the application of a stimulus to the receptor (or to the affer- 
ent fibres), and the beginning of the reflex activity of the effector. The 
total duration consists of: 1) the time required for the excitation of the 
receptors and for the conduction of impulses along the afferent fibres to 
the centre; 2) the time for the spread of excitation through the centres; 
3) the time for the propagation of impulses along the efferent fibres to the 
working organ; 4) the latent period of the working organ. By subtracting 
from the total reflex time the time spent on the processes indicated under 
1, 3 and 4, we can find the so-called reduced time of a reflex, i.c., the time 
excitation travels through the centres. The conduction of excitation through 
the centres appears to require in some “simple” reflexes from one to three 
m/sec., and sometimes even 0.7 m/sec. which is still longer than the time 
required for the conduction of impulses through a similarly long homo- 
geneous conductor. A so-called “central delay” occurs, which testifies to 
the fact that a certain time is required for the passage of excitation from an 
afferent to an efferent neuron. 


More accurate results can be obtained by measuring the interval betwcen the 
applicution of an induction shock to the afferent fibres where they enter the brain 
and the emergence of a bio-clectric current which is an electric index of the refiex 
response in the efferent fibres at the point where the anterior root arises. 

The central delay is probably the longer, the greater the number of neurons through 
which the impulses of excitation pass in the central nervous system. Simple reflexes 
(tendon reflexes, the ficxor reflex) therefore take several milliseconds and even 
fractions of a millisecond, more complex reflexes with a long reflex arc take 10 to 20 
milliseconds, while reflexes involving the cerebral cortex take up to 0.5 second 
(500 milliseconds). The longer reflex time is due mainly to the development of in- 
hibition in certain neurons of the reficx arc. 


Summation of impulses in the nerve centres. In a nerve fibre a single 
stimulus (if it is not subliminal or supramaximal) produces one excitatory 
impulse. But in the centres, as was first shown by I. Sechenov, a single 
impulse arising in the afferent fibres usually produces no refiex excitation, 
i.e. it is not transmitted to the efferent neurons. To produce a reflex 
requires several successive stimuli to the afferent fibres. 


Each Individual impulse in a nerve fibre produces a local change in the superficial 
layer of the nerve cell at which the branches of the given fibre terminate. This local 
change is manifested in a transitory increase in excitability and may be designated as 
a state of local subliminal excitation, which is believed to be confined to the area of 
the synapse and to become extinct 1 to 2 m/sec. after its emergence. If within this 


537 


time a second impulse acts upon the same area, excitability in the region of the given 
synapse will increase still more. Growing more intense wilh cach successive impulse 
local excitation will reach a state in which any subsequent impulse entering the area of 


Fig. 226. Summation of stimuli in central struc- 


tures of reflex arc. 


Two stimuli, arparately applied to difleront areas of the skin 
(drop of lines Sa and $2), produce no reflex. Two stimuli 
applied simultancoudly produce strong response (upper re- 
seratching reflex (ufter Sherrington). 


cording) 


contact between the axon and the 
cell body will no longer produce 
a local increase in excitability, 
but a discharge of excitation which 
will embrace the whole nerve cell 
and spread to its branches. 


Since several afferent fibres 
are usually stimulated simul- 
taneously, the impulses com- 
ing to the centre along various 
afferent fibres and acting upon 
the same neuron can be sum- 
mated. An impulse which 
comes from one of the afferent 
fibres to the synapse some- 
what later than an impulse 
from another afferent fibre 
(or simultaneously with it) 
finds production of excitation 
facilitated. For example, sep- 
arate weak stimulations of 
two areas of the skin on the 
back of the dog with a sev- 
ered spinal cord produce no 


rhythmic flexion and extension of the paw; but the same stimulations 
applied simultaneously, produce a strongly pronounced reflex (Fig. 226). 

Successive excitation in the centres. In the nerve centres, unlike the 
nerve fibres, excitation often persists for some time after stimulation of the 
receptors or the afferent fibres has been discontinued (successive excitation 


of the centres). (Fig. 227.) 


Rhythm, strength and duration of reflex responses. From the foregoing 
it follows that: 1) excitation in various central neurons does not arise strictly 





Fig. 227. Record of bio-electrical currenta 
of anterior spinal root in response to 
single stimulation of posterior root (ar- 
row) of same segment. ‘Time interval 
(0.001 second) shown below. Record shows 
plurality of responsive impulses evoked 
by single stimulation of posterior root, 
and short duration of transmission of 
impuls through centres. Riso of curve at 
moment of stimulation marked by arrow 
is due to ramification of stimulating 
current (after Lloyd). 


simultaneously; 2) not every single 
afferent impulse produces impulses in 
the efferent neuron; 3) flashes of exci- 
tation in the centres may arise some 
time after discontinuance of the stim- 
ulation of receptors. As a result the 
nature and frequency of nervous im- 
pulses in the efferent fibres often do 
not in the least reflect the nature of 
the afferent impulses. 


Fig. 228 shows a recording of the con- 
traction of m. tibialis in a spinal cat in 
response to a maximal single stimulation 
of the motor nerve (lower curve), to a 
maximal, also single, stimulation of afferent 
fibres in popliteal nerve (upper curve). In 
the latter case we see a pronounced and 
rather persisting tetanus, which testifies 
to the fact that a number of successive 
efferent impulses arising in the centre in 
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response to a single stimulation of the affcrent fibres come from the centre along 
the motor nerve to the muscle when it is in a state of reflex excitation. Consequently, 
the centres are characterized by their ability to transform the rhythm of afferent 
impulses acting upon them into a different, “central” rhythm. 


The frequency of impulses arising in the efferent neurons in normal ac- 
tivity usually varies from 4 and 10 to 30 and 70 per second. The strength of 
the reaction of the effector is 
generally determined (other 
things being cqual) by: a) the 
frequency and nature of im- 
pulses in each efferent fibre; 
b) the number of excited ef- 
ferent neurons; c) the degrec 
of synchroneity, i.e., simul- 
taneity of the impulses which 
reflexly arise in the efferent 
neurons governing the given 
effector. 

Synchronous excitation in 
the neurons of a given final 
common path excites more 
contracting (or secretory) 
elements of the working 
organ per unit of time. If im- 
pulses of excitation do not 
arise in the central neurons 
synchronously, the reaction 
of the effector weakens at every given moment and the working cells con- 
tinuously replace each other (asynchronous excitation is often likened to 
running fire, while excitation arising simultaneously in all the efferent 
neurons of the given organ is likened to a volley). 

Fatigability of the nerv- 
ous centres. Under tetanic 
stimulation of an afferent 
nerve the reflex contraction 





Tension developed by the muscles (in gr) 


Fig. 228. Upper curve: reflex contraction of m. 

tibialis ant. under stimulation of popliteal nerve 

on same side by single strong induction shock. 

Lower curve: contraction of same musele in re- 

sponse to single maximal stimulation of motor nerve 

(after Denny-Brown, Creed, Liddell and Sherring- 
ton). 


of muscles produced by 
this stimulation is extin- 
guished within several min- 
utes (Fig. 229). Stimulation 
transferred to another af- 
ferent nerve restores the 
reflex contraction (Weden- 
sky). It follows that fatigue 
develops in the internun- 


è 


lilt eed 
—— 
4 


Fig. 229. Line a shows tho stimulation of one 

afferent. nerve which reficxly produces contraction 

of muscle. When this contraction disappears (‘‘fa- 

tiguo” in central neurons) another afferent nerve 

(mark b) is etimulatod. Roflox contraction of muselo 
at onco rocovers (after A. Ukhtomsky). 


cial neurons; should the 
efferent neuron be fatigued the transfer of stimulation to another afferent 
nerve could not restore the reflex contraction. 

Action currents in the nervous centres. Action currents in the nervous 
centres are distinguished for the long duration of the electrical potentials 
arising after each flash of excitation in these centres. The nervous centres 
often show protracted residual electronegativity and a still more protracted 
positive aftereffect (Fig. 230). There are reasons to believe that the phase of 
residual electronegativity corresponds to the state of heightened excitability 
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of the central neurons, and the phase of residual electropositivity to their 


lowered excitability (Gasser). 


Metabolism in the nervous centres and the influence of certain poisons 
upon them. Metabolism in the nerve cells is higher than in nerve fibres. 


a b l 
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Fig. 230. Modification of olectric potentials of spinal 
cord in response to single stimulation of posterior root. 


apike, residual clectronegativity from a to b and positive 
alteroflect fron b to e, Time interval, 0.01 second (after Gasser). 


If the nerve cells lack oxy- 
gen (for example, when the 
flow of blood to them 
ceases) they soon lose their 
excitability and die. 

In active nervous centres 
the metabolism increases; 
under reflex excitation of 
the spinal cord 3 to 4 times 
as much oxygen is con- 
sumed as at rest. Consump- 
tion of sugar and forma- 
tion of CO, also increase. 
Acetylcholine is apparently 


formed (or liberated from some other compound) in the nerve cells or in 


the endings of the axons. 


The nerve centres are paralyzed by anaesthetics (ether, chloroform, 


etc.) more easily than any other tissues. 


The specific features of conduction of excitation through nervous centres 


and along nerves are summarized below: 


Nerve tibres 





1. Conduct excitatory impulses in both 
directions 





2. An impulse is conducted at the same 
rate along the entire fibre 

3. The processes of summation are im- 
perceptible; nervous impulses arise 
at each threshold stimulation 


4. The rhythm of impulses, even al 
their high frequency (500 to 1,000 per 
second), conforms to the rhythm of 
the stimulations (minor transfor- 
mation of the rhythm) 

. When stimulation is not very strong 
the impulses of excitation cease as 
soon as stimulation is discontinued 


6. All changes taking place under ex- 
citation develop and disappear 
rapidly; thus the preceding activity 
of the nerve fibre hardly affects its 
excitability 

7. Metabolism is low 


8. Practically indefatigable 


9. Inhibition in the nerve fibre arises 
only under artificial stimulation 


to 


. Conduct 


. The processes of 


. The aftereffect of 


Nervous centres 


excitatory impulses only 
from the afferent to the efferent 
neurons 


. The conduction of impulses involves 


a certain delay 


summution are 
strongly pronounced; cach afferent 
impulse produces a flash of excitation 
usually only under conditions of 
heightened excitability resulting from 
the action of the preceding impulse 


. The rhythm of reflex discharges in 


the efferent neuron often docs not 
conform to the rhythm of afferent 
impulses (strongly pronounced trans- 
formation of impulses) 


. Impulses of excitation very often 


continue to emerge after the discon- 
tinuance of stimulation of the afferent 
pathway 


the preceding 
activity of the nervous centres is 
quite appreciable; the excitability 
changes easily 


. Metabolism is high 
. Under frequently repeated stimula- 


tion become easily fatigued 


. Inhibition is a characteristic factor 


in the activity of the nervous centres 


Mechanism of the Synaptic Transmission of Excitation 


Modern science does not as yet precisely know even the mechanism of 
propagation of excitation over so homogeneous a conductor as the nerve 
fibre. It is therefore the more difficult to explain the processes which deter- 
mine and characterize the transmission of nerve impulses from one neuron 
to another in the central nervous system, this most complex organ of the 
animal, and we have only rather hypothetic ideas about the phenomena 
developing in the synapses during transmission of nerve impulses. These 
ideas about synaptic transmission of excitation in the centres are based 
almost entirely on theories substantiated by experiments performed on the 
nerve fibre and myoncural synapse. 


As before stated (Chapter 49), the most elaborate theory today regards conduction 
of a nerve impulse as a result of the stimulating influence exerted on an unexcited 
portion of the nerve fibre by the potential difference between the excited and un- 
exciled areas. This potential difference gives rise to a local current which within the 
nerve is directed from the excited to the unexcited portion. In the resting portion of 
the nerve, adjacent to the excited portion, there arises a negative pole of this local 
current which stimulates the resting area and excites it. 


It is assumed that excitation of the neuron by impulses transmitted to its 
body and to the dendrites of the axon of another neuron requires a certain 
potential difference in the region of the synapses. When this potential differ- 
ence reaches certain threshold value, the local subthreshold excitation in 
the region of the synapses is converted into an impulse of excitation embrac- 
ing the whole cell and spreading along its entire axon. From this point of 
view the transfer of excitation from one neuron to another is determined 
by the threshold value of the electric potential in the region of the syn- 
apses and the conditions under which the potential emerges. 


This very schematically described theory seems correctly to appraise the electric 
phenomena that arise during the activity of the nerve tissue. It is still unable, how- 
ever, to answer a number of very important questions, for example, the reasons for 
the specific activity of various structures of the central nervous system and the 
nature of protracted aftereffects produced by excitation in the nerve centres, 


Transmission of excitation from one neuron to another is conveniently 
studied on the ganglia of the sympathetic nervous system. Here the rela- 
tions are somewhat simpler than in the nervous centres, since there are 
fewer neurons and interneuron connections in the ganglia than in any struc- 
ture of the central nervous system. As in the centres, much more persistent 
after-potentials are observed in excited ganglia than in the nerve; these are 
attended by protracted (up to one-fifth of a second) changes in excitability 
apparent after cach impulse of excitation. It has also been found that im- 
pulses of excitation continue to arise in the ganglia for some time after dis- 
continuance of the rhythmic stimulation of the preganglionic nerve fibres. 
Lastly, perfusion of the cervical sympathetic ganglion and the study of the 
composition of the fluid flowing off from the ganglion have shown (Kibya- 
kov) that during the transmission of excitation through the ganglion the 
latter liberates acetylcholine; this fact has been repeatedly confirmed. 

Highly active compounds—acetylcholine and, probably, adrenalin—are 
also liberated in the central nervous system during its reflex activity. This 
was demonstrated by a study of the blood flowing off from the brain dur- 
ing stimulation of the afferent fibres of the vagus and aortic nerves (Kon- 
radi and Mikhelson). 
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Of course, the formation of acetylcholine in the nerve cells or in the region of the 
synaptic endings does not cover the whole cycle of biochemical and physicochemical 
transformations characteristic of the activity of the central nervous system, but 
represents an indispensable link in the chain of processes determining the transmission 
of excitation from one ncuron to another. 


Irradiation of Excitation in the Central Nervous System 
and Generalization of Reflexes 


Excitation reaching the nervous centres along afferent fibres can be trans- 
mitted across a larger or smaller number of internuncial neurons to any 
structure of the central nervous system; the mutual disposition of the neu- 
rons does not alone predetermine the pathway along which excitation is 
propagated in the central nervous system. This is manifested in the so- 
called irradiation of excitation, in which excitation spreading widely over 
the central nervous system leads to generalized reflexes and involves effec- 
tors which normally do not react to the stimulation of the receptors. 

Generalization of reflexes in the embryonic period. Extensive irradiation 
of excitation over the central nervous system is characteristic of one of the 
periods in its embryonic development. In this period stimulation of each 
group of receptors provokes general convulsions, i.e., simultaneous con- 
traction of the entire musculature. Only later does the embryo begin to 
exhibit differentiated reflexes typical of a normal organism, for example, to 
jerk back only the stimulated leg when onc of its toes is pinched, to respond 
with sucking movements to stimulation of the lips, etc. 


The generalization of reflexes manifests itself in miscarricd human foetuses. Its 
traces are also observed in normally born babies: during the first and second wecks 
of life they react with sucking movements not only to stimulation of the receptors of 
the lips, but also to that of the checks, chin and neck. 


We shall see later that at the first stage of its formation each conditioned 
reflex is a generalized reflex. The process of delimiting the conditioned 
reflexes by which each of them is reproduced only in response to a limited 
group of stimuli, externally resembles the process of delimiting the uncon- 
ditioned reflexes during the phylogenetic and ontogenetic development. 

Generalization of reflexes in strychnine intoxication. After administra- 
tion of a toxic dose of strychnine to an animal, any stimulation of the re- 
ceptors, for example, a touch of the skin or a strong sound, provokes a con- 
traction of the musculature of the whole body, i.e., convulsions. Excitation 
irradiates here over the entire central nervous system and results in simul- 
taneous activity of a mass of motoncurons. The convulsions are a 
manifestation of this uncoordinated irradiation of excitation almost to all 
efferent ncurons. 

Manifestations of the generalization of reflexes under intensified stimula- 
tions of the receptors. A certain generalization of reflexes is also observed 
under increased stimulation of the receptors (until the strength of stimula- 
tion reaches a point beyond which comes inhibition) (page 549). For ex- 
ample, in decerebrate animals, weak or moderate stimulation of the affer- 
ent fibres, which extend from the receptors of the foot, results only in flex- 
ion of the stimulated extremity and extension of the symmetric extremity. 
But strong stimulation produces flexion of both legs; it may be accompanied 
by an upward movement of the tail, a movement of the forelegs and of the 
entire body. 
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Transmission of excitation from one neuron to another underlies the 
entire reflex activity. If nothing restricted irradiation of excitation from 
neuron to neuron, however, excitation would irradiate to all efferent neu- 
rons in response to any stimulation of the receptors, as in the case of strych- 
nine intoxication. The reflex acts, by which the organism adapts itself to 
the stimulations that produce them, are therefore only possible because 
irradiation of the excitatory process over the central nervous system is cir- 
cumscribed. This is accomplished by inhibition, a process which opposes 
the spread of excitation. An evaluation of its role requires thorough knowl- 
edge of coordination of reflex activity. 


CHAPTER 54 


COORDINATION OF REFLEX ACTIVITY AND PHENOMENA 
OF CENTRAL INHIBITION 


Concept of Coordination of Reflexes and Its Biological Significance 


Coordination of reflex activity signifies a complex of processes which 
ensure the accomplishment of definite acts in response to the stimulation of 
definite receptors. 


Pavlov emphasized that reflex activity ensured a constant equilibration of the 
organism with all the conditions affecting it and interpreted the terms “expcedience” 
and “adaptation” in the light of Darwin's evolutionary theory regarding the adaptive 
nature of the reficxes as an unquestionable fact. This adaptive significance of the 
reflexes is revealed in cach normal reflex act. It is testified to, for example, by the 
contraction of the pupil under the influence of light, drop in the blood pressure in 
response to its increase, contraction of the urinary bladder as a reaction to its dis- 
tention, secretion of digestive juices under the action of alimentary stimuli, etc. 


The coordination of the reflexes is deranged if the response involves 
effectors whose activity does not contribute to the result attained by the 
elaborated reflex act. 

The coordination of reflex activity is also expressed in the correspond- 
ence of the strength of the reaction to the strength of the stimulation by 
which it is produced and in the successive inclusion of various effectors in 
the reaction. 

The reaction of the effectors to the stimulation of receptors is determined 
by the efferent neurons in which excitation arises as a result of the proc- 
esses developing in the central nervous system under the action of impulses 
from the receptors. So long as the excitation (or inhibition) of the nerv- 
ous centres does not reach the efferent neurons (Sherrington's final com- 
mon path), it cannot make the organism react. But if the spreading exci- 
tation arises in the cell bodics of the efferent neurons, it influences, as a 
rule, the activity of the organs innervated by these neurons. For example, 
a reflex flexion of the fingers can be effected only when excitation embraces 
the neurons which innervate the common flexor of the fingers; there is no 
reflex secretion of gastric juice until excitation arises in the neurons of the 
nucleus of the vagus which innervate the gastric glands. 

Consequently, each reflex is characterized by a definite distribution of 
excitation in the efferent neurons. 

The inclusion of very definite neurons into each reflex arc is due to the fact that in 
the function of the central nervous system, which is determined by the conditions 


of life of the given species and cach individual, the irradiation of excitation is limitcd 
by the process of inhibition. 
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Discovery of Phenomena of Inhibition in the Nervous Centres 


In the nerve tissuc inhibition manifests itself in a suppression of exci- 
tation or decrease in excitability and conductivity; inhibited nervous struc- 
tures do not propagate excitation. 

Phenomena of inhibition in the nervous centres were first discovered by 
Sechenov in 1862. This discovery was as important for the development of 
physiology as the formulation of the concept of reflex, since all normal 
nervous acts without any exception necessarily involve inhibition. 

The famous Sechenov experiment consists in the following. If a leg of 
the frog whose cerebral hemispheres have been removed is immersed in a 
weak acid solution the frog jerks its leg out. The 
time which elapses betwcen the immersion of the 
leg in the acid and its jerk out of the stimulating 
solution is the index of excitability of the neurons 
forming the reflex arc of the flexor reflex. Sechenov 
decided to find out whether stimulation of any 
parts of the frog’s brain would produce a delay in 
the spinal reflexes similar to the inhibition of the 
heart contraction during stimulation of the vagi. 
Consequently, Sechcnov’s experiments represented 
a purposeful search for phenomena of inhibition 
in the nervous centres. In the course of these inves- 
tigations Sechenov discovered that if a chemical 
stimulus—a crystal of sodium chloride—acted on 
the region of the optic thalamus (Fig. 231), the inter- 
val between the immersion of the frog’s leg in the 
acid solution and the moment the leg was jerked 





Fig. 231. Brain of frog 
(diagram). 
Application of erjstal of roek- 
salt to surfa T cut made 
along line 7 Z sbar ily prolonged 
reflex tim. Tebral hemi- 
spheres with olfuctory lobes; 
t.c -visual char berws;n me- 
dulla oblongatna;s spinal cord 
(after I. Sechenov), 


out was several times as long. Consequently, stimu- 
lation of the optic thalamus inhibited the flexor 
reflex. 

Phenomena of inhibition were later also observed 
by Sechenov himself, Spiro, Wedensky, Bubnov, 
Goltz, Sherrington, Samoilov, Ukhtomsky, Pavlov 
and his school, and other investigators. 

We do not as yet know the nature of the inhib- 


itory processes, i.e., the nature of the chemical and 
physicochemical processes in the nervous tissue which determine inhibi- 
tion. Pavlov indicated, however, that in their physicochemical] essence 
all forms of inhibition probably represented the same process, only arising 
under different conditions. 


Simultaneous Inhibition of Some Nervous Structures 
and Excitation of Others (Reciprocal Inhibition) 


Inhibition in the arc of one reflex may be produced by excitation in the 
arc of another reflex. For example, the flexor reflex in response to the 
immersion of the frog’s leg in acid is inhibited if a strong mechanical or 
electric stimulus is simultaneously applied to the receptors of another leg. 
The swallowing reflex inhibits the inspiratory reflex. Salivation, reflexly 
produced from the taste receptors, is inhibited by any strong, noxious stim- 
ulation which provokes the defensive reflex. This group of phenomena 
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also includes the so-called external inhibition of conditioned reflexes (Chap- 
ter 61). In all these cases une reflex inhibits other reflexes. This proposi- 
tion, however, should not be made a general rule. 

Each reflex involves very definite effectors. All effectors whose activity 
might impede the result attained under a certain reflex, are antagonists of 
the effectors which accomplish the given reflex. Consequently, reflexes 
leading to the activity of antagonistic effectors are antagonistic themselves. 
For example, under certain conditions and at a certain stage of its accom- 
plishment the flexor reflex of an extremity becomes antagonistic to the 
extensor reflex. Similarly, the swallowing reflex is the antagonist of the 
inspiratory reflex. 

When a certain coordinated act is performed, all reflexes antagonistic to 
it are inhibited. This inhibition clearly manifests itself when, during the 
accomplishment of one 
reflex, the receptive 
zone of the antagonistic 
reflex is stimulated. For 
example, during the 
accomplishment of the 
flexor reflex it is impos- 
sible to produce the ex- 
tensor reflex by stimu- 
lation strong enough to 
produce the extensor 
reflex when there is no 
flexion. But if the exten- 
sor reflex is produced 
by increased stimulation 
of its receptive zone 
despite the flexion of 
the leg, the flexor reflex 
is inhibited (i.e., it dis- 
appears, or considerably 
weakens). 

Fig. 232 shows a rec- 
ord of the contraction 
of two antagonistic mus- 
cles of the thigh—the 
flexor and the extensor 
—in the cat whose cere- 





Fig. 232. Reciprocal innervation of antagonistic muscles : 

flexor of left side (m. semitendinosus) whose record of eon- 

tractions is designated by F and extensor of left side (in. 
vastus cruralis) designated by £. 

Vertieal lines show mutual disposition of myograph levers. Rine of 

line, second from bottom, shows onset. of stimulation of the distal 

end of left: peroneal nerve, Thin stimulation (2) produces Hexor re- 


flex contraction of flexer and simultancous relaxation of extensor. 
Seehenoy’s effect appenm after discontinuance of stimulation; exten- 
vor whieh was inhibited during flexor reflex in greatly contracted, 
Second experiment (JF) begins with stimulation of sume left per. 


bral hemispheres have 
been removed. The rise 
of the second curve 
from below coincides 


oneal nerve simultancous)y supplemented by stimulation of right 

peroneal nerve (rian of lower line). Flexion in inhibited, though not 

vompletely. and extension begins, being less pronounced Chan in ex- 

periment 77 f where stimulation of right: peroneal nerve produces 
only extenaion (after Sherringtout. 


with the moment when 

stimulation of the nerve which produces the flexor reflex has begun. The 
flexor contracts refiexly while its antagonist, the extensor, relaxes. This 
relaxation is accounted for by the fact that the neurons innervating the 
extensor muscles are inhibited as a result of the excitation of the centre of 
reflexion. Before the flexion began, during “rest,” the extensor had been in 
a state of prolonged weak excitation leading to its prolonged weak contrac- 
tion. The extensor had consequently been in a stale of tonic excitation. This 
tone of the extensor was maintained by the impulses of excitation arising 
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in the motoneurons which innervate this muscle. When the efferent neu- 
rons of the extensors are inhibited, the tone of these muscles decreases 
or disappears and the muscle relaxes (Figs. 232 and 233). 





Fig. 233. Record 
of contractions 
(top to bottom) 
of right extensor, 
right flexor and 
left extensor of 
the leg of the cat. 
Stimulation of sen- 
sory nerve of left 
foot (drop of linc, 
seeond from bottoni) 
produces comrac- 
tion of extensor of 
right leg and relaxa- 
tion of extensor of 
left leg: subsequent 
stimulation of sen- 
sory nerve of right 
foot (drop of bottom 
line) produces con- 
traction of extensor 
of left leg and rela- 
xation of = catenser 
of right leg (after 
1. Beritov). 


This type of inhibition is manifest in every reflex act. 
During the expiratory movement inspiration is inhibited, 
the tone of the intercostal muscles and the diaphragm 
decreases. When the eye is turned to the outside the 
muscle which turns the eyeball inside relaxes (this case 
of reciprocal inhibition already attracted the attention of 
Descartes). Under reflex excitation of the vagus the an- 
tagonistic sympathetic innervation of the heart is inhib- 
ited. Normally every reflex act inhibits all activities 
unrelated to it. Consequently, any normally proceeding 
reflex not only consists of excitation spreading along a 
definite reflex arc, but necessarily also includes the proc- 
ess of inhibition arising in other reflex arcs. 

The inhibition of reflexes which at the given moment 
and under the given conditions are antagonistic to the 
refiex that is being accomplished is often designated as 
reciprocal inhibition. It is a very important factor in the 
coordination of reflex activity, since without inhibition 
which reciprocally arises in each reflex act the responses 
would be generalized. Impaired or inadequately elabo- 
rated reciprocal inhibition results in greater or lesser 
generalization of the reflexes which diminishes the 
effectiveness of the reflex acts. Such impairment of 
reciprocal inhibition manifests itself, for example, during 
the development of fatigue which interferes with coordi- 
nated movements (everybody knows the expression “to 
stagger with fatigue”). 

The phenomena of reciprocal inhibition have been 
studied mainly with regard to motor refiexes, but they 
are also important in the reflex regulation of the work 
of internal organs. Stimulation of the interoceptors of 
the blood vessels and internal organs modifies the reflex 
activity of the skeletal muscles (Fig. 234). The motor 
reflexes in their turn influence the reflex regulation of 
the internal organs. 

The distribution of excitation and inhibition in various 
neurons depends on the activity of the higher divisions 


of the central nervous system, which establishes different correlations and 
connections between the neurons of the lower nervous centres. 


Elaboration of Reciprocal Inhibition and Coordination 


of Reflex Activily 


Formation of antagonistic relations between reflexes. The division of 
various effectors and, consequently, various reflexes, into antagonistic and 
synergetic (i.e., reinforcing one another) is by no means invariable; syner- 
getic and antagonistic relations between effectors are formed in the proc- 
ess of reflex activity and depend on the traits of the organism peculiar 
both to the species and individuals. 
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For example, the flexors and extensors of an extremity function as antag- 
onists only at a definite stage of flexion and extension. During rapid flexion 
of the extremities as, for example, in running the extensors begin to con- 
tract towards the end of the contraction of the flexors, thus ensuring a rapid 
transition to the next phase of movement. During an alimentary reflex act 
the salivary gland is refiexly stimulated simultaneously with the contrac- 
tion of the masticatory muscles and the muscles of the larynx which con- 
tract during deglutition. In the vomiting reflex the salivary gland is also 
reflexly stimulated, but the masticatory muscles, the muscles of the larynx, 
oesophagus and cardial sphincter relax, their contraction being inhibited. 





Fig. 234. Inhibition of motor reflexes in the cat. under increased prossure 
in urinary bladder. 

Top curve: record of contractions of ercet musele of the thigh produced reflexly by 

stimulation of afferent nerve fibrea (this stimulation in marked on third line from bottom). 

Second line from bettom registers pressure inerease in urinary bladder. This stimulation 

produces reflex increase in blood pressure (Recond line from top) and inhibition of motor 

reaponsv. Bottom -time interval (in seconds) (after O. Merkulova and V. Chernigovaky). 


Isochronism of simultaneously functioning efferent neurons and effectors. 
The motoneurons and muscles whose excitation is simultaneous in the 
reflex acts that are of prime importance for each species have similar la- 
bility (p. 496) and a similar chronaxie (p. 495). In such movements .as 
walking, which is important for the majority of animals, the flexors of each 
extremity during the phase of its flexion contract more or less simultan- 
eously; the extensors during the greater part of this period also simul- 
taneously relax (during the phase of extension these relations are inverse). 
The study of the chronaxie of muscles and nerves in human beings and 
animals revealed that the muscles functioning as antagonists in the most 
constantly repeated movements have different chronaxies (Bourguignon, 
Ufland and others). Thus, in adults the chronaxie of the flexors of the leg 
(m. semitendinosus) is 0.50 to 0.60 m/sec., and that of its extensors (m. quad- 
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riceps) 0.13 to 0.15 m/sec.; the chronaxie of the flexors of the wrist and fin- 
gers is 0.20 to 0.36 msec. and that of their extensors 0.44 to 0.72 m/sec. With 
a readjustment of the functional role of the muscles these relations radi- 
cally change. k , F 

Readjustment of the coordination of reflex acts involving the higher 
divisions of the nervous system. The fact that excitation and inhibition are 
distributed through definite efferent neurons in the process of the function- 
ing of the central nervous system was most strikingly demonstrated by 
experimentally induced changes in the innervation and function of various 
effectors. 

If the distal part of one severed nerve is sutured to the peripheral part 
of another nerve, the effector, to which the axons still connected with their 
cell body will grow, will receive impulses from neurons which usually 
innervate entirely different effectors. Afferent fibres growing in along the 
degenerate fibres will similarly become connected with other rather than 
normal receptors. It has been found that under such an experimental read- 
justment of the connections of afferent and efferent neurons the normal 
activity of organs with a completely reshaped innervation recovers in a cer- 
tain (sometimes long) period of time (Flourens, Weiss, Bethe, Anokhin et al.). 
For example, after anastomosing the distal portion of the vagus with the 
peripheral portion of n. cutaneous brachii kneading and stretching the skin 
at first provokes vomiting as if the receptors of the stomach and the intesti- 
nal tract, from which some of the afferent fibres of the vagus previously ex- 
tended, were stimulated. Some time later, kneading the skin on the paw no 
longer provokes vomiting; pricking the foreleg causes the animal to jerk 
the paw away; in running and walking the extremity, innervated by neu- 
rons which previously innervated the stomach or the heart, contracts nor- 
mally in coordination with the movements of the extremity that has re- 
tained its usual innervation (P. Anokhin). 

It has furthermore been shown (Flourens, Bethe, E. Asratyan, and others) 
that an animal can move normally even when the articulations of the 
muscles are changed, for example, by suturing the tendon of the flexor of 
the leg, i.e., m. semimembranosus, to the place where the extensor muscle, 
i.e., m. quadriceps, is attached, and by suturing the tendons of the latter to 
the remaining part of the severed tendon of m. semimembranosus. To flex 
the leg it is m. quadriceps which must now contract instead of m. semi- 
membranosus; contrariwise, m. semimembranosus, which normally 
functions as a flexor, must contract to extend the leg. Consequently, some 
time after changing the articulation of the muscles new coordinative rela- 
tions are elaborated. The muscles with the rearticulated tendons again 
become antagonists; but now the flexor relaxes where it formerly con- 
tracted and contracts where it normally relaxed. The chronaxie of the 
muscle, a flexor by nature, but functionally converted into an extensor, 
becomes the same as that of the extensor (Y. Ufland). 

Investigations carried out by E. Asratyan have established the fact that 
the reorganization of the coordinative relations depends on the activity of 
the higher part of the brain. After a radical readjustment of the connec- 
tions between the efferent neurons and effectors (experiments with stitch- 
ing together certain nerves), after the creation of new pathways along 
which impulses are propagated in the centres (splitting the spinal cord), 
afler the modification of the functional significance of the effectors (rear- 
ticulation of tendons), the functions are not recovered, and the recovéry 
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already achieved disappears if the cerebral cortex is removed. This leads 
to the conclusion that the activity of the division of the central nervous 
system, which is the highest in the given class of animals, is responsible for 
the formation of coordinative relations during its phylogenetic develop- 
ment. 


Emergence of Inhibition Under Action of Strong Stimuli 


The action of strong stimuli on the centres is an important factor in 
determining the emergence of inhibition (Fig. 235). 

I. Sechenov found that strong stimulation of the skin or afferent nerves 
of a spinal (or decerebrate) frog produced either no reflex contraction of 
the skeletal muscles at all or a very 
weak contraction. Immediately upon 
discontinuance of stimulation a strong 
reflex contraction of the muscles oc- 
curred. This muscular contraction fol- 
lowing the suspension of stimulation 
which has reflexly produced inhibition 
is due to succession of inhibition by ex- 
citation and is designated as Sechenov's 





effect. The decerebrate frog, for example. 
is almost motionless when its skin is sub- 
jected to strong and frequent induction 
shocks, but jumps as soon as the current 
is switched off. This means that strong 
stimulation of the centres (in this ex- 
periment the centres of the spinal cord) 
inhibits their excitation. The effect of 


Fig. 236. Inhibit ic 
action of freque 

afere: 
Top to bottom: lot itrnetion of m. 
semitendinosus 4 chiate eat; stimula. 
tien of peroneal nerve on same side at reja- 
tively low frequ ney (SO pur second); stimu- 
lation of same nerve trunk at high frequency 
(200 pee second). Figure shows that frequent 
stimulation inhib ts reaponne. Sechenov s vlfeet 


of reflexes under 
. stimulations of 
fibres. 


appenra after discontinua of frequent 
stimulation (dF wbtained by laboratory 
hended |} Y. Volborth). 


excitation manifests itself in the traces 
of this stimulation. 

Strong stimulation produces inhibi- 
tion in all structures of the central nervous system, but the intensity of 
stimulation which produces it varies. The most pronounced inhibitory 
action of supramaximal stimuli is revealed by studies of the activity of 
the cerebral cortex. 


Interrelations Between Excitation and Inhibition. Hysteriosis 


Conversion of inhibition into excitation. Inhibition always develops in 
connection with the process of excitation, either arising in one group of 
neurons when another group is excited, or as a reaction of the nervous 
structures to strong, frequent (or long-repeated) impulses of excitation. But 
inhibition may, in its turn, lead to excitation or heightened excitability. 
This is most clearly manifested in the activity of the cerebral cortex, 
though it is also evident in the spinal cord separated from the higher 
centres. 

Hysteriosis is a heightened excitability of the central nervous system 
resulting from a protracted flow to the centres of impulses produced by 
continued intermittent stimulation of the afferent fibres of some nerve. 
Such stimulation very soon ceases to produce a response, since inhibition 
(and possibly fatigue as well) develops in some link of the reflex arc. But 
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continued stimulation of the afferent fibres produces a gradual rise in the 
excitability of other reflex arcs usually within 100 to 200 minutes. This 
manifests itself in the fact that reflexes from other afferent nerves are then 
produced by weaker stimulation than in the absence of protracted tetani- 
zation of some afferent nerve. 

The phenomenon of hysteriosis was also very clearly discovered in 
mammals under a protracted (60 to 180 minutes) tetanization of afferent 
fibres from the receptors of the skin and the abdominal viscera. 


Phenomena of Simultaneous and Successive Induction 


We have scen that in the course of some reflexes, while a certain group 
of central neurons becomes excited. a state of inhibition or lowered exci- 
tability arises in other neurons of the central nervous system; contrariwise, 
when a group of neurons becomes inhibited, a state of excitation or height- 
ened excitability may arise in other neurons of the central nervous 
system. Consequently, the process of excitation in some nervous structures 
engenders, as il were, a state of inhibition in other, more or less remote 
nerve cells. Similarly, the process of inhibition devcloping in certain nerve 
cells engenders a process of excitation (or heightened excitability) in other 
nerve cells. 

In physics generation of an electric current flowing in an opposite direc- 
tion in a remote conductor is called induction. By external analogy the 
term “induction” was applied by Sherrington to the emergence in the nerve 
cells of a process opposite to that which occurs in the “neighbouring neu- 
rons” (or previously occurred in the same neurons). If inhibition emerges 
around excited cells while they are still in a state of excitation, or if exci- 
tation (or heightened excitability) arises “in the neighbourhood” of in- 
hibited cells while they are still in a state of inhibilion, this group of 
phenomena is designated as simultaneous induction. 

In induction we always deal with contrasting relations: one process “in- 
duces” the opposite process in the neurons which are not embraced by the 
first process. If excitation results in an inhibitory process, the induction 
is called negative, but if the contrasting relations Icad to the emergence 
of excitation (or heightened excitability), the induction is called positive 
(Pavlov). 

In addition, there are contrasting relations which develop in time within 
the same group of nerve cells and manifest themselves in an interchange 
of inhibition and excitation within these cells. This is the so-called succes- 
sive induction. 

In successive induction a state of lowered excitability arises in the nerv- 
ous structures upon discontinuance of excitation in them, while in the 
inhibited neurons discontinuance of inhibition results in a state of height- 
ened excitability which may manifest itself in excitation. Thus, successive 
induction implies either the passage of the excited centre to a state of in- 
hibition after discontinuance of excitation (negative phase of successive 
induction), or the emergence of excitation in the inhibited centre after dis- 
continuance of inhibition (positive phase of successive induction). Owing 
to these relations, disappearance of excitation predisposes the centre to 
development of inhibition; contrariwise, disappearance of inhibition pre- 
disposes the centre to development of excitation. 
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Phenomena of induction are particularly pronounced in the activity of 
the cerebral cortex (Chapter 62), but are also found in the lower divisions 
of the central nervous system. For example, observations of decerebrate 
animals show that an extensor inhibited (relaxed) in the course of the flexor 
reflex contracts after discontinuance of flexion (Fig. 232). 

The relations between simultaneous and successive induction for the 
centres of antagonistic muscles can be illustrated by the following scheme: 


State of Flexor and Extensor Centres During and After Flexor and Extensor Reflexes 


Reflex phase: Flexor centre: r Extensor contre: 
[ke f PE 
During flexor reflex i Excited ; Inhibited (simultaneous 
| -o negative induction) 
After flexor refles l Inhibited (suecessive nega- | Exeited (suecessive positive 
j tive induction) © induction) 
During extensor reflex Inhibited (simultaneous > Exeited 
negative induction) : 
! A i n I i a . 
After extensor reflex © Excited (auecessive posi- Inhibited. (successive nega- 
-o ive induction) o tive induction) 
mm 
Mg 
160 
140 
100 
80 
60 
40 
20 
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Fig. 236. Negative phase of successive induction (inhibition following 

excitation) in vasomotor centre. Discontinuance of stimulation of 

mechanorecoptors in intestinal tract, which produced excitation 

in vasomotor centre, leads to its inhibition refleeted in drop of 
arterial pressure following ita increase. 


Top to bottom: reeord of blood pressure with its zero line, revord of pressure 
in batloon which distends the loop of small intestine, mack of thia atimulation 
and time interval (5 seconds) (after V., Chernigovaky). 


The change of excitation to inhibition manifests itself clearly after reflex 
stimulation of the vasomotor centre (Fig. 236). The positive phase of suc- 
cessive induction conditions Sechenov's effect described on page 549. 


Role of Impulses from Receptors in Coordination of Reflex Activity 


When the activily of a certain organ changes in some way or other dur- 
ing a reflex the conditions of stimulation of its receptors invariably also 
change. Intensification of the activity of each organ generally also intensi- 
fies the generation of impulses from its receptors; transition of the organ 
to a resting state or 2 weakening of its activity are likewise perceived by 
the receptor apparatuses at least as a decrease in their stimulation. 

The great significance of impulses, which arise in the receptors of effector 
organs, for the coordination of the reflex acts of these organs was first dis- 
covered by Sechenov who, as before stated, also discovered the phenome- 
non of central inhibition, the phenomenon subsequently termed “rebound” 
(Sechenov’s effect). and the summation of excitation in the nervous centres. 
Sechenov found that if the extremity of the spinal frog is flexed, stimula- 
tion of the skin on the extremity causes it to extend, but if the extremity 
is extended, the same 
stimulation results in 
its flexion. This is duc 
to the fact that im- 
pulses arising in the 
receptors of exten- 
sor muscles stretched 
during the extension 
of the leg increase 
the excitability of the 
neurons in the reflex 
arc of the flexor re- 
flex, while impulses 
from the receptors of 
flexor muscles in- 
crease the excitability 
of the reflex arc of 
the extensor reflex. 

Impulses from in- 
teroceptors act upon 
the central nervous 


Deol ferentated | 
leg 


Normal leg 











Fig. 237. Intensitication of reflex contractions of extremity 


deprived of afferent innervation (deafferentated). Reflex con- 
tractions of muscles produced by stimulation of rectal reeep- 
tors by inflation of balloon inserted into rectum, 
Top to bottom: record of movementa of deafferontated extremity; record 
of movements of extramily with normal innervation; record of stimula- 
tion of rectum; time interval (5 avconds) (after V. Chernigovsky and 
0, Merkulova), 


system as soon as 
any reflex begins; the 
influence of these im- 
pulses on the central 
nervous system is 
always added to the 


influence of the stim- 

ulus provoking the given reflex. For example, the receptors of the sali- 

vary glands become excited during reflex salivation; stimulation of the 

receptors of the aortic arch and of the carotid sinus is modified by the 
reflex changes in cardiac activity, blood pressure, etc. 

Thus each reflex act is a chain reflex, since the activity of the effectors 

itself stimulates the receptors situated in these effectors, and this, in its 
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turn, leads to reflex responses of the central nervous system. Reflex re- 
sponses produced by stimulation of the receptors, which are themselves 
stimulated by a previously originated reflex, unite with the latter into a 
single reflex act. 

The role of impulses from muscular receptors in the coordination of 
motor acts is proved by the extreme awkwardness of movements following 
a section of the posterior roots or lesions of the afferent neurons of the 
spinal cord (‘sensory ataxia”). A section of all posterior roots of the lumbar 
segments of the spinal cord on one side of the body produces continuous 
rhythmic contractions in the deafferentated extremity keeping time with 
the respiratory movements (L. Orbeli and K. Kunstman). Only when 
impulses from the receptors of the extremity no longer come to the spinal 
cord is there no more inhibition, which normally blocks the outlet for 
impulses irradiating with each inspiratory movement from the respiratory 
centre to the neurons of the lumbar divisions of the cord (an example 
of such intensification of reflexes on a deafferentated leg is shown in 
Fig. 237). 

It has been found in the laboratory headed by K. Bykov that reflex 
salivation is essentially modified when the impulses from the receptors of 
the salivary glands are excluded. 


Theory of Inhibition 


The inhibitory process always arises in connection with the excitatory 
process and is inseparable from excitation, Such was the point of view of 
Pavlov and Wedensky; it has been also accepted by most foreign researchers 
working on this problem (and often proceeding from the investigations of 
Wedensky). The theory of inhibition, establishing its dependence on 
chemical, physicochemical and physical processes in the nervous tissue, 
can be developed only on the basis of precise facts relating to the nature 
of the processes of nervous excitation. But we have no such facts as yet. 

The most substantiated theory of inhibition is Wedensky’s theory of 
parabiosis, regarding inhibition as a modification of the excitatory process 
under which the latter turns into a stagnant, nonspreading process. This 
viewpoint interprets the emergence of inhibition as a result of conflicting 
excitatory processes, as the consequence of excitation increasing to the 
point where it loses its inherent indulant character. 


The theory of parabiosis is of great methodological significance, since it regards 
the emergence of antipodal states as a result of quantitative development and modi- 
fication of the most common property of living systems, i.e., their reaction to stimula- 
tion. This theory rejects the contraposition of the states of rest, excitation and inhibition 
to each other; it establishes transitional phases between them in the form of different 
levels of basal metabolism with corresponding different levels of excitability. Sub- 
threshold stimulation of different strength provokes local excitation of different 
intensity in the nervous tissue; this excitation turns into a proccess, which spreads over 
the entire neuron and is also of graduated intensity; but when the intensity of exci- 
tation goes beyond a certain point, the excitation becomes stagnant and then ceases 
to be propagated. At this time the nervous tissue, especially the sections with low 
lability, falls into a state of parabiosis, which is characterized by all the symptoms of 
inhibition. 


From the point of view of parabiosis the development of inhibition in 
the nervous centres is due to the fact that upon reaching a certain level 
excitation loses its oscillatory, impulsive character and turns into a 
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stationary wave. This stable, nonfluctuating excitation Wedensky named 
parabiosis. The cells affected by it do not propagate or conduct impulses 
of excitation, i.e., exhibit all symptoms of inhibition. 


Consequently, the emergence of inhibition under the action of impulses from 
afferent fibres on the centres does not depend on the properties of special “inhibitory” 
centres and “inhibitory” nerve fibres, as it is assumed by many researchers with 
Sherrington at the head. It depends, on the one hand, on the strength and frequency 
of the nervous impulses, and, on the other hand, on the properties of the nervous 
structures which react to them at the given moment. These properties of the nervous 
structures reacting to stimulation are determined both by the preceding activity and 
by the response to the acting impulses. When the lability of the centre is high and 
the afterefiect of cach impulse is transitory, the summation of impulses and the 
transition of the centre to inhibition are impeded; on the contrary, low lability 
contributes to the development of inhibition. 


From the point of view of Wedensky’s theory it is clear that stimulation 
reaching the centres from the same afferent fibres may either increase 
the excitation of the given centre or inhibit it. If weak or infrequent im- 
pulses meet in a certain group of neurons, or if impulses of excitation come 
to a centre which is already in a state of weak excitation, they intensify 
the cllects of excitation. This is a case which characterizes the phenomena 
of facilitation and dominant. But when strong (or frequent) impulses meet 
in certain neurons, or when impulses arrive at a centre already consider- 
ably excited, inhibition results and the effect of excitation of this centre 
abruptly disappears. 

Parabiotic phases in the development of central inhibition. An essential 
argument in favour of Wedensky's theory is the cmergence of so-called 
parabiotic (or hypnotic) phases in the process of development of inhibition: 
these phases coincide with the phases (also described by Wedensky) which 
arise during development of nonconductivity in the nerve fibre. Charac- 
teristic among them is the paradoxical phase. In this phase the reflex 
reaction to strong (or frequent) impulses is weaker than to weak (or infre- 
quent) impulses. 


In the lower nervous centres the paradoxical phase can be detected much casier 
by varying the frequency of stimulation that its intensity. In the latter case, exci- 
tation involves new neurons, and a more intense stimulation of the afferent nerves 
often “breaks down,” as it were, the phenomena of inhibition. But by varying the 
frequency of the induction shocks applicd to the afferent fibres ane can casily observe 
that more frequent stimulation results in a weakening or disappearance of the reflex 
reactions of the centre, which becomes completely inhibited. whereas infrequent 
stimulation produces strong reflex responses. 


The parabiotic phase is particularly pronounced when inhibition develops 
in the cerebral cortex (Chapter 60). 


. Inhibition cannot be regarded as a state which is identical to fatigue: while the 
former often arises very rapidly (within several thousandths of a second), the latter 
develops only in the course of prolonged activity; whereas the former is an indis- 
pensable condition for the normal activity of the centres, the latter characterizes a 
certain derangement of their normal activity, At the same time there are reasons to 
believe that in a number of cases inhibition arises under the same conditions that 
may lead to the development of fatigue. The emergence of inhibition may prevent the 
development of a serious disturbance in the normal metabolism of the nerve cells, 
which is sometimes designated as exhaustion, and apparently arises during the 
development of considerable fatigue. 


B. PROPERTIES AND ACTIVITY OF THE LOWER DIVISIONS 
OF THE CENTRAL NERVOUS SYSTEM 
(UP TO AND INCLUDING SUBCORTICAL GANGLIA) 
VEGETATIVE NERVOUS SYSTEM 


CHAPTER 55 


CONNECTIONS OF NERVOUS CENTRES WITH RECEPTORS 
AND EFFECTORS 


Afferent fibres extending from all receptors (except the olfactory and 
visual) enter the spinal cord and the medulla oblongata which are the 
phylogenetically oldest structures of the central nervous system. These 
structures contain cell bodies of efferent neurons innervating all the organs 
of the body (only the nerve cells which by their axons innervate certain 
muscles of the eye. lie above the medulla oblongata—in the midbrain). In 
the spinal cord and medulla oblongata there is a mass of internuncial 
neurons involved in the coordination of reflex acts. 


Magendie’s Law and Metamerism of the Spinal Cord 


Magendie’s law. All afferent fibres enter the spinal cord through the 
posterior roots and the efferent fibres issue from it through the anterior 
roots. This is the so-called Magendie’s law (sometimes called the Bell- 
Magendie law); with its discovery the nerve fibres were, for the first time. 
divided into afferent and efferent fibres, which played an important role 
in the development of the reflex theory. Magendie (in 1823) discovered this 
law and showed that stimulation of the central part of any posterior spinal 
root provoked a very strong pain reaction, whereas stimulation of its pe- 
ripheral part provoked no movements at all. Contrariwise, stimulation of 
the central part of any anterior root produced no effect, while stimulation 
of its peripheral part always resulted in contraction of definite muscles. 
Section of the posterior roots paralyzed sensibility, while section of the 
anterior roots paralyzed the musculature. 


A seeming exception from Magendic’s law is the pain reaction observed during 
stimulation of the central part of the anterior roots, if the posterior roots are not sev- 
ered. This pain reaction is accounted for by the fact that from the point of junction 
of the anterior and posterior roots afferent fibres of the posterior root, connected with 
the receptors of the meninges, enter the anterior root, This so-called recurrent sensi- 
bility of the anterior roots disappears after section of the respective posterior root 
(Cl. Bernard). 


The following experiment illustrates the role of the anterior and 
posterior roots. If we sever the posterior roots of the lumbar and sacral 
segments on the right side (this can be done easiest in the frog) and then 
sever the corresponding anterior roots on the left side, the entire right 
leg will lose its sensibility, though it will fully preserve the ability to 
move; contrariwise, the left leg will retain sensibility, but its muscles will 
be totally paralyzed. A pinch of the right leg, therefore, does not provoke 
any movements of the animal, but the same leg moves when the 
left leg, which has retained its sensibility, is stimulated (experiment 
of J. Miller, 1832). 


Magendie’s law has also been demonstrated by histological methods. It is a well- 
known fact that after an axon is sectioned, ils part separated from the cell body degen- 
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erates. If the posterior roots are cul at the periphery of the spinal ganglion, all (affer- 
ent) fbres which extended from this ganglion to the receptors degenerate; if the pus- 
terior root is cut between the ganglion and the cord, all the nerve fibres which issued 
from the given rool and extended along the ascending pathways of the spinal cord 
degenerate. Finally, when the anterior root is severed, all the motor nerve fibres de- 





Fig. 238. Segmental distribution of fibres of posterior roota in skin. Lotiers and figures 
indicate segments of spinal cord which, in the main, project afferent. fibres to given 
CANCR area. 


Metamerism of root innervation, Each pair of spinal roots (and each 
cranial nerve) innervates a definite area of the skin and definite skeletal 
Muscles, 


The segments of the spinal cord and their roots are desi 


indicate the intervertebral apertures through which the Toots corresponding to these 
or other vertebrae issue; each vertebra corresponds to one Segment of the body, or, as 
il is often called, one metamere. The cervical vertebrae are marked with the letter 
“C.” the thoracic with “Th” or “D” (Dorsal), the lumbar with “L,” and the sacral with “S$.” 


The roots of the sacral and lumbar segments of the spinal cord innervate 
the skin and muscles of the perineum (S,-S,), lower extremities (L.-L; 


and S,-S,) and lower Part of the trunk. The roots of the thoracic seg- 
menis innervate the skin, blood vessels and muscles of the trunk and 


Knated hy letters; the letters 
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upper extremities (D; and D2). The roots af the cervical segments inner- 
vate the skin and muscles of the upper extremities and shoulders (C4-C7) 
of the neck, occiput and diaphragm (C,-C;). The muscles and skin of 
the face are innervated by cranial nerves (trigeminal and facial). 


The distribution of the fibres of cach pair of roots among definite parts of the body 
is connected with the scgmental structure of the spinal cord. The segmental structure 
of the body is strongly pronounced in a number of invertebrates (worms and insccts), 
each segment usually containing a pair of ganglia. In vertebrates there is no such seg- 
mental structure of the body, but in the embryonic period the higher animals go through 
the phase of scgmental structure; the muscles which begin to develop then in each 
segment are called myotomes, and the part of the skin surface relating to each seg- 
ment is called a dermatome. In the skeleton, especially in the spinal column, of an 
adult there are traces of this segmental structure. 


Fig. 238 shows with which roots the receptors of this or other area of 
the skin are connected. It will be observed that the nerve fibres of each 
pair of the posterior roots extend to the receptors not only of their “own” 
metamere, but also of each metamere situated above and below it. For 
example, in order fully to desensitize the area shown in Fig. 238 as cor- 
responding to posterior roots Dg, it is necessary to cut not only the eighth, 
but also the seventh and ninth thoracic posterior roots. The same is 
observed in the innervation of the muscles: each of them is innervated by 
two or three anterior roots. 

These facts are of great importance for diagnosing lesions in the spinal 
cord and peripheral nerves. They make it possible to establish precisely 
which sensory (or motor) paralyses are caused by lesions of these or other 
segments of the spinal cord and the roots connected with them. A nerve 
trunk usually contains nerve fibres from several spinal segments, and the 
loss of sensibility resulting from any lesion of the nerves therefore differs 
from that produced by lesions of the posterior roots. 


Connections of Medulla Oblongata with Receptors and Effectors 


Afferent fibres from the receptors of the organ of hearing, labyrinth, oral 
cavity, skin of the face, organs of the thoracic cavity (heart, large blood 
vessels and lungs) and from the receptors of a number of abdominal organs 
(stomach, pancreas, liver, bile ducts, small intestine) enter the medulla 
oblongata. Some receptors of the thoracic and abdominal cavities are also 
connected with the spinal cord. 

Efferent fibres from the neurons of the medulla oblongata innervate all 
the muscles and glands of the face, heart, bronchi, larynx, oesophagus, 
stomach, pancreas, liver and intestinal tract. The innervation of internal 
organs by parasympathetic fibres from the medulla oblongata is coor- 
dinated with the innervation of the same organs by sympathetic fibres 
from the nerve cells lying in the spinal cord. 

The medulla oblongata is connected with the receptors and effectors by 
fibres of the cranial nerves. Whereas the functions of each pair of the 
posterior and anterior spinal roots can be largely replaced by the functions 
of the lower or higher pair of roots because of the overlapping of the 
spinal metameres, each cranial nerve performs functions peculiar to it 
alone. 

Like all nerve fibres, those of the cranial nerves (of which I-V are not 
directly connected with the medulla oblongata) are divided into afferent 
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and efferent fibres. The afferent fibres of these nerves are subdivided into: 
a) afferent fibres extending from the specialized receptors of the head, such 
as the receptors of the organs of smell (fibres of the first pair of cranial 
nerves), vision (second pair), hearing, labyrinth and taste (eighth pair); 
b) afferent fibres extending from the receptors of the skin (in the fifth pair 
of cranial nerves) and muscles of the face (mainly, in the seventh pair), 
and c) afferent fibres from the interoceptors of the vascular, alimentary 
and respiratory systems which run, mainly, in the trunk of the vagi (the 
tenth pair and also in the ninth pair of cranial nerves). 

The trunks of the cranial nerves (except the I, II and VIII pairs) are 
mixed nerves containing both afferent and efferent nerve fibres. But in the 
centres the cells which give off fibres of different kinds form separate 
groups designated as nuclei of the corresponding nerves. 


CHAPTER 56 


VEGETATIVE NERVOUS SYSTEM 


Characteristics of the Vegetative Nervous System as 
a System of Efferent Neurons 


‘The vegetative nervous system includes all the efferent neurons except 
the motoneurons. 

All efferent neurons—vegetative as well as motor—are none other than 
terminal links of diverse reflex arcs. These neurons only convey to the 
effectors the impulses by which the nervous centres respond to stimulation 
of the receptors, i.e., reflexly. The conceptions which ascribe autonomy to 
the vegetative nervous system and thus oppose the regulation of the activity 
of the internal organs to the regulation of the behaviour of the organism 
in its environment are erroneous. 


The idea of the autonomy of the vegetative nervous system was advanced at the 
end of the 18th century by Bichat, talented French physician and naturalist, who be- 
lieved that the organism included organs of “vegetative” life (organs of blood circula- 
tion, digestion, excretion, metabolic processes) and organs of “animal” life (the central 
nervous system, the sense organs and the skeletal muscles). Bichat thought all proc- 
esses of vegetative life to be influenced by the ganglia of the sympathctic nervous 
system, whereas all phenomena of animal life, characterized by the movements of the 
animal, were controlled by the cerebrospinal system under the action of impulses com- 
ing from the sense organs. 

Betwecn 1890 and 1920, Gaskell and Langley, British researchers, thoroughly studied 
the structure of the vegetative nervous system which Langley termed the “autonomic” 
nervous system. This denomination may create the impression that the system func- 
tions as an allegedly independent formation according to its own specific laws and in 
this way controls the activity of the internal organs and the blood circulation. Dis- 
covery of the influence exerted by stimulation of the hypothalamus on a numbcr of 
internal organs gave rise to the question of special centres of the vegetative nervous 
system. Many clinicians began to interpret some pathological states as a result of 
changes initially arising either in the sympathetic division, or in the parasympathetic 
division of the vegetative nervous system. L. Orbeli and his co-workers discovered 
some previously unknown aspects of the activity of the sympathetic nervous system, 
however, and considered the influences exerted through the vegetative nervous 
system apart from the norma! reflex activity of the organism as a whole. 


Actually there is no autonomic activity of the vegetative nervous system 
because this system never functions separately and independently of other 
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nervous structures, including the cerebral cortex. Nor are there any inde- 
pendent vegetative reflexes. Impulses to the effectors are transmitted along 
the vegetative system only when they arise in the nerve centres in response 
to stimulation of the receptors, and the reflex activity of the centres in- 
volving the cerebral cortex is never confined to the conveyance of im- 
pulses only to the vegetative neurons. 


Structure of the Sympathetic and Parasympathetic Divisions 
of the Vegetative Nervous System 


Because of the specific structural features of the vegetative nervous 
system (see p. 38 and Fig. 2), excitation reflexly arising in the centres 
and conducted to the effectors from the nervous centres along the vegeta- 
tive nervous system must invariably pass at least through two neurons 
(Figs. 2 and 239), namely: a) the first neuron whose cell body lies in the 
central nervous system and whose axon reaches the ganglion and forms 
the preganglionic nerve fibre and b) the second neuron whose cell body 
lies in the ganglion and whose axon forms the postganglionic fibre and is 
directly connected with the effector it innervates. 

Location in the central nervous system of nerve cells whose axons form 
preganglionic fibres of the vegetative nervous system. The nerve cells 
which give rise to preganglionic fibres of the vegetative nervous system 
lie in very definite regions of the brain and the spinal cord and thus 
determine the following structure of the vegetative system (see Fig. 2): 

1. The cranial division which includes: a) the mesencephalic region 
formed by neurons whose cell bodies lie in the so-called Yakubovich’s 
nucleus in the midbrain and give off axons which enter the third pair of 
cranial nerves; b) the bulbar region formed by neurons whose cell bodies 
lie in the medulla oblongata and give off axons entering the seventh, ninth 
and tenth pairs of cranial nerves. 

2. The thoracolumbar division formed by neurons whose cell bodies 
lie in the lateral columns of the gray matter of all thoracic segments and 
in two or three superior lumbar segments of the spinal cord. 

3. The sacral division formed by neurons whose cell bodies lie in the 
second, third and fourth sacral segments of the spinal cord. 

The cranio-bulbar and sacral divisions of the vegetative nervous system 
give rise to preganglionic fibres of the so-called parasympathetic system, 
while the thoracolumbar division forms preganglionic fibres of the sympa- 
thetic system. 

Sympathetic and parasympathetic systems. The sympathetic system 
includes: a) all neurons whose axons form preganglionic sympathetic fibres 
extending to the sympathetic ganglia; the bodies of the nerve cells forming 
these preganglionic sympathetic fibres lie in twelve thoracic and two or 
three superior lumbar segments of the spinal cord; b) all sympathctic 
ganglia with their nerve cells at which preganglionic fibres from the 
thoracolumbar division terminate; c) all postganglionic fibres which issue 
from the cells of these ganglia. The parasympathetic system includes all 
neurons whose axons issue from the cranio-bulbar and sacral divisions of 
the vegetative system and all parasympathetic ganglia with their cells 
and postganglionic fibres extending from them. 

All preganglionic fibres issuing from the thoracolumbar division of the 
spinal cord (i.e., all preganglionic sympathetic fibres) run to macroscopically 
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visible sympathetic ganglia which form the sympathetic chain, and to the 
coeliac and mesenteric ganglia situated in the abdominal cavity. The 
postganglionic fibres which connect the ganglia of the sympathetic system 
with the effectors always run for some distance before reaching the organ 
they innervate. All preganglionic fibres issuing from the cranio-bulbar and 
sacral divisions (parasympathctic fibres) go to the parasympathetic ganglia, 
at whose cells they terminate. These parasympathetic ganglia are almost 
invariably aggregations of nerve cells scattered through the organs inner- 
vated by the postganglionic parasympathetic fibres which extend from the 
given ganglia. Such are, for example, the aggregations of nerve cells in the 
heart, known as Remak’s, Dogiel’s and other ganglia. The postganglionic 
fibres emerging from the cells of the ganglia of the parasympathetic 
system, which are situated in the organs innervated by this system, are 
short and their preparation is difficult (only those nerve cells at which the 
preganglionic parasympathetic fibres, running to the salivary glands, 
fachrymal glands and smooth muscles of the eye, terminate, lie outside 
the effectors [but also very close to them] in the submaxillary and ciliary 
ganglia). 

Another difference between the parasympathetic and sympathetic 
systems is that in the former the interval between the emergence of nerve 
impulses in its fibres and the reactions of the effectors to these impulses is 
very short (several hundredths or thousandths of a second). The aftereffect 
observed in the effectors when stimulation of the parasympathetic system 
is discontinued is similarly short. But the effect of excitation transmitted 
along the neurons of the sympathctic system begins to manifest itself only 
a few seconds (sometimes almost one minute) after the emergence of 
nervous impulses in the sympathetic fibres. When the stimulation of the 
sympathetic fibres is discontinued, the effect of their excitation persists 
for many seconds, and sometimes even minutes. 

The rate of conduction of nervous impulses in the parasympathetic 
fibres is usually also higher than in the postganglionic sympathetic fibres, 
some of which are unmyelinated. 


Some substances exert a specific influence on certain sections of the vegetative 
system; this phenomenon is utilized for the elective exclusion or, on the contrary, exci- 
tation of this or other division of the vegetative system. Atropine puralyzes the trans- 
mission of impulses from the postganglionic parasympathetic fibres to the effectors 
fan injection of atropine discontinues the action of the vagus upon the heart, the fibres 
of the oculomotor nerve upon the pupil and the chorda tympani upon the salivary 
glands, owing to which the heart rate increases, the pupil dilates and the secretion of 
saliva ceases). Ergotamine paralyzes the transmission of impulses from the postgan- 
glionic sympathetic fibres to the effector (its administration, for cxample, discontinues 
the constriction of the blood vessels resulting from the excitation of the sympathctic 
fibres). Nicotine acts upon the ganglia electively; at the final stage of its action it 
paralyzes the transmission of impulses from preganglionic to postganglionic fibres. 
This poison acts upon the junction (synapse) of the preganglionic fibres and the cells 
lying in the ganglia both of the sympathctic and parasympathetic systems. Pilo- 
carpine and muscarine excite the terminal apparatuses of the postganglionic parasym- 
parace fibres (the administration of pilocarpinc lowers the heart rate and increases 
salivation). 


Acetylcholine reproduces the action of almost all preganglionic fibres 
on the cells of the ganglia of the vegetative system and the excitatory 
effect of all postganglionic fibres of the parasympathetic system, while 
adrenalin reproduces almost all the effects of excitation of the sympathetic 
postganglionic fibres. 


Tonic Excitation of Vegetative Nervous System 


The neurons of the vegetative nervous system acting upon the heart, 
smooth muscles of the blood vessels and intestinal tract are in a slate of 
continuous (though variable), protracted tonic excilation characterized by 
rhythmic, now more and now less frequent impulses. This tonic excitation 
of the neurons of the vegetative nervous system is a result of their reflex 
reaction to impulses coming to the central nervous system from the 
receptors. 


Rhythmic outbursts of excitation arise in the cells of the sympathetic ganglia which 
give off accelerating and reinforcing fibres to the heart (and maybe in cells of other 
ganglia as well) a few days after section of the preganglionic fibres which run to 
them. The emergence of impulses of excitation in decentralized ganglia (i.c., ganglia 
disconnected from the central nervous system) may have something to do with the 
heightened sensibility to acetylcholine and adrenalin acquired by them (Cannon). A 
number of afferent fibres (axons of Dogiel’s cells, type II) terminate in the ganglia 
forming synapses on the cell bodies of the ganglionic efferent neurons. Impulses from 
receptors transmitted along afferent fibres to the ganglion provoke the peripheral 
reflexes already described on p. 534. Against the background of heightened excitability 
of the decentralized ganglia the impulses that produce these peripheral refiexes may 
prove very effective. 


Influence of Impulses Transmitted Along Sympathetic 
and Parasympathetic Nervous System 


Preganglionic sympathetic fibres emerge from the spinal cord in the first 
to the twelfth thoracic and the first to the third lumbar anterior roots and 
run in a common trunk formed by the fibres of the anterior and posterior 
roots; then they group themselves into discrete branchings called rami 
communicantes albi, enter the sympathetic trunk and travel with the latter 
to some sympathetic ganglion or other (these rami communicantes are 
white because the preganglionic fibres usually have a myelin sheath). Some 
postganglionic fibres, which are processes of ganglionic cells, have no 
myelin sheath and their bundles are, therefore, grayish. Such fibres form 
the rami communicantes grisei which run from the ganglion to the nerve 
trunks (Fig. 239) and through which they reach the effector. 

On entering the sympathetic trunk through rami communicantes, the 
preganglionic sympathetic fibre does not necessarily terminate at the cells 
of the nearest sympathetic ganglion. Some preganglionic fibres pass without 
interruption through the nearest and sometimes even through the second 
successive ganglion of the sympathetic chain and terminate at a cell resid- 
ing in a remoter ganglion (Fig. 240). 

Although preganglionic fibres do not emerge from the spinal cord below 
the second or third lumbar segment or above the inferior cervical segment 
there are still some cervical ganglia of the sympathetic system (from one 
to seven, but more often two or three) and sacral ganglia (four or five); 
consequently, the number of sympathetic ganglia exceeds the number of 
segments of the cord, whence the preganglionic sympathetic fibres originate. 
The large sympathetic ganglia of the abdominal cavity—the coeliac gan- 
glion which the preganglionic fibres reach in the trunk of the splanchnic 
nerve and the superior and inferior mesenteric ganglia—also lie outside 
the sympathetic chain. The postganglionic fibres extending from the cells 
of these ganglia innervate the organs and blood vessels of the abdominal 
cavity and the small pelvis. 
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In each ganglion, where some sympathetic fibre terminates, the latter 
enters into connection not with one but with many nerve cells which give 
uff postganglionic fibres. 

Nicotine makes impossible the transmission of impulses from a pre- 
ganglionic to a poslganglionic fibre, but does not affect the conductivity of 
the vegetative fibres (when administered in small concentrations). By apply- 
ing nicotine to the ganglia it is possible to find out precisely in which gan- 
glion the particular fibres break off. 
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Fig. 239. Diaygraun ithistrating emergence Fig. 2400 Diagram illustrating the passage 
of svinpathetic nerve fibres from spinal of pregauplionic sympathetic nerve fibres 
cord and their subsequent course. (solid lines) through ganglia, and their ter- 
J ganl. apinale; X- anterior rool; 3---porterior ininals in ome of the ganglia at cells giving 
ront; 4— mixed nerve: y sympe sympathetic off posi ganglionie fibres (dotted lines). 
vangla. Postganglionie sympathetie fibres are tt C pang. vorliarnm. 
indicated by dotted Imes (after Fulton). i 


The influence of impulses transmitted along the neurons of the sym- 
pathetic nervous system on the glands. heart, blood vessels and smooth 
muscles has already been considered, and this is why only a gencral idea is 
given here. 

Influence of impulses transmitted along neurons of sympathetic nervous 
system upon skeletal muscles. Studies in the laboratories headed by L. 
Orbeli showed that impulses transmitted along the fibres of the sympathetic 
nervous system may also influence the skeletal muscles. Experiments show 
that the efficiency of a fatigued muscle increases when fibres of the sym- 
pathetic nervous system are stimulated (Ginetsinsky’s experiment). Fig. 241 
shows that the intensity of muscular contractions of the fatigued muscle 
increases if the sympathetic nervous fibres are stimulated in addition to 
the motor fibres. Stimulation of sympathetic fibres cannot by itself produce 
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muscular contraction, but it modifies the state of the muscular tissue, 
increasing its susceptibility to impulses transmitted along the motor nerves, 
shortens the chronaxie which is prolonged when the muscle is fatigued 
and causes certain changes in its physicochemical properties. Impulses 





Fig. 241. Orbeli-Ginctsinsky phenomenon: intensification of eon- 

tractions of fatigued muacle of the frog under stimulation of 

sympathetic nervous trunk (stimulation marked on upper line). 

Contractions of the muscle are produced by rhythmical stimulations 
of motor nerve fibres (after L. Orbeli). 


conducted along the sympathetic nerves, according to the data obtained by 
Nekrasov, act upon the myoneural synapses where excitation passes from 
the motor nerve to the fibres of the skeletal muscles; the properties of the 
muscular tissue itself probably undergo a secondary change. 
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Fig. 242. Record of muscular contractions of arm lifting load in tact with 
metronome heata (weight load weighs 3 to 4 kilograms; 20 lifts per minute). 
KR. a. means right arm and L.a. left arm, 

Top (right to left}: 25 minutes of work of right. arin resulting in fatigue, After ten-minute 
rest right arm worki! to point of fatigue leas than firat time. Then left srmn worked 
24, minutes, owing 1o which right arm produced much more work subsequently. 
Bottom, left: wimilar experiment performed on other person (tirst experiment was performed 
by Sechenov on himself). Bottum, right: influence of weak tetanization of skin of left 
arm (designated by “stim. ”) on ¢fficieney of right arm (after Bechonov). 


Excitation of the sympathetic nerve fibres acting upon the skeletal 
muscles (like any other influences of the sympathetic nervous system) 
manifests itself in effects similar to those which are caused by adrenalin 
(W. Cannon); adrenalin raises the excitability and working capacity of the 
fatigued muscle. 


Orbeli and his collaborators have also described changes occurring in the 
excitability of various structures of the central nervous system and the 
receptors under stimulation of the sympathetic fibres (disappearance of 
Sechenov’s inhibition after section of the sympathetic chain, changes in the 
excitability of reflex arcs and receptors). There are indications of certain 
changes in the higher nervous activity observed for some time after the 
removal of the cervical sympathetic ganglion which gives off fibres to the 
brain (E. Asratyan). 

These influences of the impulses transmitted along the sympathetic 
system (but arising as a result of the reflex activity of the nervous centres) 
on the excitability of the nervous centres and receptors, are possibly also 
due to the action of the sympathetic nervous system on the cerebral blood 
vessels. 

The influence of impulses conducted along the sympathetic system on the efficiency 
of the skeletal muscles, which were discovered by L. Orbcli and his collaborators, are 
apparently of great importance to the muscular activity of the organism. Cases have 
been described in which under certain forms of so-called emotional stress animals 
(and human beings) performed very strenuous muscular work. The classical investi- 
gations of Sechenov showed (Sechenov performed his experiments mainly on himself) 
that fatigue, developed in man by work of a certain group of muscles, was largely 
eliminated if while these muscles rested a short time work was done by other muscles 
(Fig. 242). Fatigue is also eliminated by stimulation of certain receptors (for example, 
the cutancous (Fig. 242] or taste receptors) while the work responsible for the fatigue is 
still done. After Sechenov these facts were fully corroborated. It is quite possible that 
the aforesaid effect which eliminates fatigue or retards its development involves 
reflexly arising impulses which are conducted to the skeletal muscles along the sym- 
pathetic system. Regrettably, the influence of the impulses transmitted to the muscles 
along the sympathetic nervous system in normal muscular activity of the integral 
organism is still unknown. 


Trophic influences of impulses conducted along sympathetic system. 
Investigating the innervation of the heart. Pavlov found that the intensify- 
ing influences of the sympathetic nerve on the heart were due to trophic 
action, i.e., action which, being initially directed at the tissue metabolism 
of the heart muscle, apparently increased the accumulation of the sub- 
stances consumed during the work of the heart muscle, and changed all of 
its vital properties. 

Trophic influences should be understood as influences exerted on the 
entire supply of nutritive substances to the tissues, on the passage of these 
substances from the blood and tissue fluid into the tissues, and on their 
assimilation and transformation. 

After these investigations of Pavlov a series of facts have been described 
showing the influence of impulses transmitted along the sympathetic nerv- 
ous system on metabolism and nutrition of certain tissues. Excitation of 
sympathctic nerve fibres leads. in response to cooling of the body, to an 
increase in metabolism which is characteristic of chemical thermoregulation 
(L. Orbeli and A. Tonkikh). It has also been found that after section of the 
sympathetic fibres, which extend to the skeletal muscles and the heart, the 
desympathized tissue slowly recovers the normal content of glycogen and 
fats after fasting (Wertheimer). Orbeli thought that the influence of the 
sympathetic nervous system on the muscles was due to the metabolic 
changes produced by the excitation of the sympathetic fibres in the tissues 
it innervated. It is possible that. the sympathetic impulses affect the ex- 
cilability of the endings of the motor nerve (P. Nekrasov), which, however, 
does not exclude the probability of trophic influence on the myoneural 
synapse. 
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It would be hardly correct to assume that the trophic influence is exerted only by 
the impulses conducted along the neurons of the sympathetic nervous system. Thcre 
are no reasons to oppose the influences of these impulses to those transmitted along 
the efferent nerve fibres whose excllation directly changes the activity of various cffec- 
tors; no change in this activity is possible without changes in the chemical and physi- 
ccchemical metabolic processes which produce this effect. It is quite probable that 
impulses transmitted along the parasympathetic system and motoncurons also exert 
a trophic influence. 


Biological role of sympathetic innervation and adrenalin secretion. The 
activity of the sympathetic nervous system and of the medullar tissue of 
the adrenals, which secrctes adrenalin, is not indispensable to life. Cannon 
removed the entire sympathetic trunk with all the sympathetic ganglia in 
dogs and cats and additionally extirpated one adrenal and denervated the 
other. After such an operation the animals, at first sight, differed from 
normal animals but little, but under extraordinary stress, for example, 
hard muscular work, bleeding or cool- 
ing, all sympathectomized animals 
showed much less endurance than nor- 
mal animals (Fig. 243). 

Impulses transmitted in the course 
of reflex activity along the sympathetic 
nervous system participate in the fol- 
lowing processes: maintenance of the 
body temperature; increased coagu- 
lation of the blood under painful 





30 60 99 Omin Stimulation which may lead to injury; 
rapid redistribution of the blood by 
Fig. 243. Body temperature f constriction of some vessels and dila- 


(upper solid line) and sympatheetomized ; w i 
(dotted line) cat in room with low tem- tion of others, and by changes in the 


perature. Body temperature is indicated State of the blood depots; acceleration 
along ordinate, and time along the and intensification of the heart beat; 
abscissa (after W. Cannon). increase in the efficiency of the mus- 
culature; mobilization of the liver gly- 
cogen; modification of the secretion of the cutaneous glands which alters 
the resistance of the skin (provokes the so-called cutaneous-galvanic 
reflex discovered by I. Tarkhanov, i.e., changes the ohmic resistance of the 
skin under action of painful, strong sonic and other stimulations), etc. All 
these processes lead to a higher adaptability of the organism to the “ex- 
traordinary demands” made on it by changes in the external environment. 
The aforesaid effects are not produced by impulses transmitted along the 
sympathetic system alone, but in close interaction with the impulses con- 
ducted along the motor nerves and the parasympathetic system. 


The impulses which reficxly arise in the centres under stimulation of extcrocep- 
tors and interoceptors and are transmitted along the sympathetic system to a number 
of effectors are also important for maintaining the constancy of the internal environ- 
ment. This constancy of the internal environment is sometimes called homeostasis 
(Cannon). Thermoregulation, redistribution of the blood which depends on the con- 
striction of certain vessels and simultaneous dilation of others, and on the activity of 
the blood depots, increased breakdown of glycogen in cases of low blood sugar—none 
of these processes can develop normally when the sympathetic system is excluded. But 
the cfferent motor and parasympathetic neurons also play a big part in the main- 
tenance of homeostasis; all processes of homeostasis are normally ensured by the 
cquilibration of the organism with the environment which involves the activity of the 
higher part of the brain. 


Influence of impulses transmitted by parasympathetic nervous system. 
The influences of the impulses transmitted along the neurons of the para- 
sympathetic system to various effectors have already been considered in 
connection with blood circulation, respiration, digestion and excretion. 
Excitation may be distributed in various neurons of the parasympathetic 
system with great precision. For example, inhibition of cardiac activity 
may occur apart from the stimulation of gastric secretion, the influence 
on the movements of the intestines may be relatively independent of those 
on the secretion of the pancreatic gland, cte. 

In the sympathetic system there is no such distribution of cxcitation 
among the separate groups of its ncurons, and excitation reflexly arising in 
the centres usually spreads over many neurons of the sympathetic nervous 
system. 


Effects of Excitation of Parasympathectic Nervous System 
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The effect of stimulation of the parasympathetic fibres often externally 
contrasts with the effect of isolately stimulated sympathetic nerve fibres. 
But the externally opposite influences exerted by excitation of the sym- 
pathetic and parasympathetic fibres on various aspects in the activities of 
different organs cannot serve as a basis for ascribing constant antagonism 
to the functions of the sympathetic and parasympathetic systems. 


CHAPTER 57 


FUNCTIONS OF THE SPINAL CORD 


The spinal cord contains the cell bodies of all neurons whose axons 
innervate all skeletal muscles (except the muscles of the face), and the cell 
bodies of all preganglionic sympathetic fibres (the various segments of the 
spinal cord are connected with different skeletal muscles through the 
metamerism of root innervation); (see p. 556). Afferent fibres from all re- 


567 


ceptors of the skin and skeletal muscles (again except the receptors of the 
skin and musculature of the face), and from many receptors of the blood 
vessels, tissues and internal organs, enter the spinal cord. Owing to this, all 
motor reflexes (except the reflex contractions of the muscles of the face), 
most of the vascular reflexes, all reflexes of the urogenital system and of 
the rectum. all reflexes ensuring thermoregulation and those which regulate 
tissue metabolism of most tissues involve the spinal cord. 


Consequences of Removal of Spinal Cord 


With proper care the animals (dogs) in which the spinal cord was removed below 
the fifth cervical segment were kept alive for many months (Golz, Popov*). Removal 
of the spinal cord below the cervical segments puralyzes all the muscles of the body, 
except those of the head, neck and diaphragm, deranges thermoregulation and prce- 
vents reflex evacuation of the urinary bladder and intestines. Refiex activity is re- 
tained only in the upper part of the body: the animal breathes, takes food, masticates 
end swallows. But the organs of digestion, blood circulation and elimination continue 
to function even after the removal of the spinal cord (below Cy) and subsequent tran- 
section of the vagi, i.c.. after the separation of the aforesaid organs from the central 
nervous system, Even reflex-humoral regulation of some functions of the organism is 
possible under these conditions because these animals partly retain the reflex regula- 
tion of the hypophyseal and thyroid secretion which ensures neuro-humoral regula- 
lion of the work of the kidneys, endocrine glands and uterus. (After removal of the 
spinal cord female dogs were artificially impregnated and gave birth to puppics.) 

But the animal deprived of the greater part of its spinal cord is so greatly incapaci- 
tated that it could not live even a few days if the experimenter did not perform “for 
the animal” many [functions irretrievably lost by the exclusion of reflex regulation. 
Such an animal is provided with easily assimilable food, kept in warmth and protected 
from any noxious influences; care is taken to ensure the evacuation of its urinary 
bladder and intestinal tract. As soon as this care is discontinucd the animal dies. 

The profound derangement of reflex activity itself in a certain measure contributes 
to the survival of the animals with the spinal cord remaved (below segment Cy) and 
the vagi cut, since the almost complete cessation of muscular activity greatly limits 
the variations in the internal cnvironment of the organism. In a normal organism 
these variations are equalized by extremely delicate reflex mechanisms which main- 
tain the internal environment constant. In the crippled animal, deprived of the greater 
part of the spinal cord. these reflex mechanisms are very much impaired (although not 
fully excluded, because regulation of the functions of respiration and excretion is 
retained). The internal environment. too, changes here to a considerably lesser degree. 
owing to the exclusion of motor reflexes, and to the extremely monotonous conditions of 
existence, without which the animal with a shortened spinal cord cannot be kept alive. 

After removal of the spinal cord some regulation of the functions of the internal 
organs is retained by the activity of the nerve cells scattered over many tissucs (per- 
haps even in all of them). 


Characteristics of Reflex Activity of a Spinal Animal 


Normally the spinal cord always functions in connection with the higher 
divisions of the central nervous system. To study the activity of the spinal 
cord we must investigate its reflex activity after a transverse section which 
separates it from the brain. 

After such operation no receptors or effectors, whose nerve fibres are 
connected with the spinal cord below the line of the cut, can participate in 
the acts which depend on the activity of the brain. A cut below the medulla 


* N. Popov managed to kcep alive for a long time even such dogs in which, in addi- 
tion to the removal of the entire spinal cord below the cervical segments, he severed 
both vagi and excised the entire chain of sympathetic ganglia. 
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oblongata separates the motoneurons of the respiratory muscles from the 
respiratory centre, and respiration ceases. Such an animal can be kept alive 
only for a very short time by artificial respiration. If the spinal cord is cut 
at the level of the sixth and seventh cervical segments, respiration continues 
by the respiratory movements of the diaphragm; the muscles of all extremi- 
ties and the trunk contract only in response to stimulation of the receptors 
of those parts of the body which lie below the site of the cut. The muscles 
and organs which are innervated by the spinal neurons separated from the 
brain fail to react to stimulation of the receptors, whose afferent fibres 
enter the central nervous system above the point where the spinal cord has 
been cut. 

At first sight the animal with a severed spinal cord does not differ from 
the animal with the spinal cord removed. A very important. difference, 
however, between the spinal animal, 
ic., the animal with its spinal cord 
cut at. a certain level, and the animal 
with its spinal cord below that line 
removed, is easily observed.* This dif- 
ference consists in the fact that the 
spinal animal invariably reacts with 
different reflexes to different stimula- 
tions of the receptors in the parts of 
the body situated below the point 
where the spinal cord is severed. These 
reflexes are called spinal reflexes: 
their reflex arcs close within the spinal 
cord of the spinal animal. r) i 
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It is possible to retain only one segment 


of the spinal cord and to remove all other 
segments which lie below and above it. In 
this case stimulation of the skin receptors, 
whose afferent fibres enter the spinal cord 
through the posterior roots of this seg- 
ment, will provoke reflex contraction of 
the muscles innervated by the motor fibres 
of ifs anterior root, 


The reflexes of the spinal animal 
are coordinated. Stimulation of each 
group of receptors (which does not 


Fig. 244. Reeord of tension (solid tine) 
developed by skeletal muscle in response 
to Sanm-streteh (record of streteh is in- 
dicated by dotted line), Broken line in- 
dicates influence of stretch on musele 
after transection of motor nerve; in this 
vase slight increase in tension is condi- 
tioned by clastic properties of musele it- 
scIE Seale of values of tension developed 
by musele is along ordinate (after Denny- 
Brown, Creed, Eccles, Liddell and Sher- 
rington). 


result in irradiation of excitation) pro- 

duces a definite reflex response. For example (Fig. 246), stimulation of the 
skin receptors of the foot by pinching provokes a reflex flexion of the 
stimulated leg with a simultaneous extension of the other leg; a slight 
tactile stimulation of the saddle-shaped part of the back evokes in spinal 
dogs the so-called scratch reflex which consists in a rhythmic movement 


* In mammals the functions of the severed spinal cord, owing to phenomena of 
spinal shock, can be studied almost exclusively in chronic experiments. To facilitate 
the cure for such spinal animals the spinal cord is usually cut below the second superior 
thoracic segment: after this operation the animal can move without assistance by 
its forelegs, and in a certain meusure retains its thermoregulation. But in frogs, in 
which the phenomena of shock are short-lived and skin respiration ensures survival 
in the absence of pulmonary respiration, the spinal cord is more often cut below the 
medulla oblongata and the brain is removed; thus, of the entire central nervous 
system the anima) retains only the spinal cord. 
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of the foot towards the stimulated area of the skin; stimulation of the 
receptors of the urinary bladder or rectum by distention of these organs 
causes their muscles to contract reflexly. 


Stretch Reflexes 


Stretching a skeletal muscle stimulates its receptors and causes it to react 
reflexly by a contraction. 


Stretch reflexes were sometimes incorrectly called “proprioceptive reflexes." 


If the skeletal muscle is stretched for a very short time (tenths or hun- 
dredths of a second), the resulting reflex contraction of the muscle is also 
transitory. Such a transitory stretch of the muscle is produced by a sharp 
tap on its distal tendon. For example, a light tap on the tendon of the quad- 
riceps muscle (when the lcg is bent in the knee) provokes the so-called 
knee-jerk reflex in which the leg is rapidly extended by a contraction of 
the quadriceps. When the muscle is protractedly stretched it responds 
reflexly by a protracted contraction; the stretch reflex is also called a myo- 
tatic reflex. This reflex is shown in Fig. 244. 

The study of muscular bio-electric currents during a myotatic reflex 
shows that in a muscle as a whole only a small number of motor units 
contract at each moment and that the rate of impulses is not high (from 
4 to 15 per second). In the course of the entire reflex contraction (which 
often lasts for many hours) the muscle fibres contract alternately. 


In tendon myotatic reflexes the time of the transmission of excitalion across the 
centres is so short (about 0.0007 of a second) that the nervous impulses can pass only 
through one synapse. This testifies to the fact that the Jittle branchings of the affer- 
ent fibres, extending from the muscular receptors, can come in direct contact with 
the cell bodies of motoneurons innervating the muscle in which the given receptors 
are situated. 

Tendon reflexes are accordingly characterized by a number of specific features: the 
phenomena of summation of excitation are weak (this is why a single stimulation of 
ihe receptors can provoke these reflexes); the refractory phase is short; phenomena 
of fatigue in the central part of the reflex are are scarcely perceptible. Five, 10 or 15 
quick taps on the tendon per second cause the muscle to reproduce this rhythm of 
stimulation and reficxly contract 5, 10 or 15 times per second; these contractions per- 
sist, barcly weakening even after half an hour of stimulation. Myotatic reflexes, as 
before stated, may last for hours. 


Significance of Stretch Reflexes 


The muscular tone, which is a protracted tension of the skeletal muscles 
not accompanied by fatigue, is mainly based on myotatic reflexes produced 
by the stretching of the muscles. If the posterior lumbar roots of the spinal 
cord are cut in the frog on one side, the leg on this side is fully relaxed; 
but on the other side the leg is slightly bent owing to the tone of the flexor 
muscles which are stretched by the weight of the extremity. Muscles, tem- 
porarily deprived of sensibility through the injection of anaesthetics, also 
lose their tone. 

Later we shall see (Chapter 58) that impulses are transmitted to the 
spinal neurons from the medulla oblongata, cerebellum and red nuclei of 
the midbrain; these impulses essentially modify the excitability of the 
neurons and affect the reflex responses of the stretched muscles. When the 
stretched muscles produce myotatic reflexes, the electric activity of the 
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cerebral cortex changes. It has also been demonstrated that numerous com- 
binations of any stimulus with a simultaneous light tap on the tendon 
develop a conditioned reflex: the corresponding muscle begins to contract 
under the action of the conditioned stimulus alone (for example, after a 
flash of an electric bulb) without any tap on the tendon of the muscle. 
These [acts show beyond any doubt that the reaction to the impulses com- 
ing from the muscular receptors involves the cerebral cortex. Consequently, 
the reflex reactions of the motor apparatus to the stretch of the muscles 
depend on the activity of the entire central nervous system. A change in 
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Fig. 245. Tendon reflex. 


I method of recording knee-jerk (tendon) reflex; JJ---methed of measuring value of knee-jerk reflex by 
rovarding deflection of leg on seale; ZIT- reflexogenous zone or reeeplive zone of knev-jerk reflex. Knee- 
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IVA reword of knecjerk in response to two taps with amall hammer on tendon of quadriceps musele 
(with interval of 3 seconde between tapa): JF B. 2 C and IV D- record of retlex Mexions of leg produced 
by 20 to 30 taps on tendon, made at frequeneics of 60 (8), 120 (C), and 300 (D) per minute. Summation 
of touncolar contractions resulting in extension of leg, which persists during whole period of atimulations 
ts Obaerved under high froquoney of stimulations; JV Æ roflux contraction of quadriceps musele whieh 
resulta from successive oxcitation in centres in response to stimulation by aingle tap on tendon (arrow); 
JV OF ---particularly pronounced suecessive excitation in centres leading to protracted extension of leg 
contraction of qandricepa muscle) in reaponse to single tap on tendon (after N. Ginikin and N. Mikhelaon ), 


the state of any structure of the central nervous system, especially of the 
cerebral cortex, is reflected in the nature of the stretch reflexes, the tendon 
reflexes in particular (Fig. 245). 


It is probable that some of the so-called cutancous-muscular reflexes, in which a 
light stimulation of the skin causes contraction of the muscles situated directly under 
the stimulated surface of the skin, are closely related to the myotatic reflexes. These 
reflexes include the scrotal reflex—contraction of the cremaster muscle as a result of 
stimulation of the inner surface of the thighs, and the abdominal reflex. which is a 
contraction of the rectus abdominis caused by the stimulation of the skin of the abdom- 
inal wall. These still inadequatcly known reflexes can, apparently, be reproduced 
for a very long time without fatigue, and, in the main, involve one rather than many 
muscles; their reflex arc may close in one or two spinal segments. It is quite possible 
that certain vascular reflexes and certain reflexes of the smooth musculature of the 
intestines, embracing only small sections of the blood vessels and intcstinal tract 
respectively, have reflex arcs closing in one segment of the spinal cord. These reac- 
tions, however, are normally regulated by the activity of the entire central nervous 
system. 


Intersegmental Reflexes of Spinal Cord 


In the spinal cord, separated from the higher centres, a number of 
reflexes simultaneously involve several effectors which are supplied with 
efferent fibres from various segments of the cord. Such is the crossed 
extensor reflex in which extension of one extremity under stimulation 
produces flexion of the other extremity. Such is also the scratch reflex con- 
sisting in a rhythmic movement of the leg to the stimulated area of the 
skin. The same applies to the rhythmic, swinging movements of the extrem- 
ities in which flexion of one leg is accompanied by extension of the other, 
after which the extended leg is flexed and the flexed leg is extended (these 
pendulous. alternating flexions and extensions of the extremities resemble 
the movements of the hind-legs of a walking animal). 

All these reflexes necessarily involve the inhibitory process which 
ensures inhibition in the centre of the antagonistic reflex in cach phase of 
the reflex act. While studying these reflexes P. Spiro, Sechenov's pupil, 
discovered the reciprocal inhibition of antagonists of the legs: this inhibi- 
tion was subsequently studied by Sherrington. 

Phenomena of reciprocal inhibition may, therefore, develop within the 
spinal cord alone. They are also always observed under normal conditions, 
when all motor acts are effected with the participation of the cerebral 
cortex (Chapter 64). As demonstrated by N.Wedensky during the flexion 
of the leg caused by stimulation of the motor zone of the cerebral cortex 
the flexors contract and the extensors relax on once side of the body, while 
reverse phenomena occur in the symmetric extremity (see Fig. 281). 

The following are some of the spinal reflexes, whose reflex arcs usually 
include neurons of a number of segments of the spinal cord: a) motor 
reflexes evoked by the stimulation of the skin and muscular receptors. 
This group also includes motor reflexes arising in response to the stimula- 
tion of the interoceptors of the blood vessels and internal organs (visccro- 
motor reflexes); b) cutaneous-visceral and muscular-visceral reflexes, i.e., 
reflex changes in the activity of the internal organs and circulatory system 
produced by stimulation of the skin or skeletal muscles; c) viscero-visceral 
reflexes, which in response to stimulation of some internal organs or blood 
vessels give rise to reflex changes in other internal organs. This clas- 
sification is quite conventional: it. is designed to show the diversity of reflex 
reactions (even in a spinal animal). The conventional and schematic char- 
acter of this classification consists in the fact that even in spinal animals it. 
is difficult to encounter reflexes related only to one of the mentioned groups. 
For example, noxious stimulation of the skin reflexly evokes changes in the 
blood circulation. in the movements of the intestinal tract and contraction of 
the muscles of a spinal animal. Motor spinal reflexes caused by stimulation 
of the skin, for example, the flexor or scratch reflex, invariably include re- 
{lexes from the receptors of the contracting muscles which play an impor- 
tant role already in the coordination of the spinal reflexes. 


The characteristic motor refiex reaction to a strong stimulation of the peritoncal 
receptors, manifesting itself in high reflex tension of the abdominal muscles, is simul- 
tancous with a reflex change (inhibition) in the movements of the intestines. High 
reflex tension of the abdominal muscles during stimulation of the peritoneum is also 
observed when the connections between the spinal cord and the brain are normal and 
serves as an important symptom in diagnosing lesions of the peritoneum (this tension 
of the abdominal muscles is designated by clinicians as “muscular defence,” “défense 
musculaire”). 
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The best known spina] reflexes so far are the motor reflexes. Less is known about 
the reflexes of the circulatory, alimentary and excretory systems since they have 
hardly been investigated in experiments on chronic spinal animals. It has only been 
found that after transection of the spinal cord, vascular reflexes, which manifest 
themselves in constriction of the blood vessels and increase in the blood pressure 
under noxious stimulation, recover much later than various motor reficxes. 


Mechanisms of Coordination of Spinal Reflexes 


Each spinal] reflex is usually evoked by the stimulation of only one group 
of receptors which form the receptive field of the given reflex. For example, 
the receptors of the urinary bladder form the receptive field of the urinary 
reflex; the receptors of the glans penis form the receptive field of the 
reflex of erection; the receptors of the skin areas on the leg of the frog 
(Fig. 246) are the receptive field of flexor reflexes, and those of the thigh 
and back. the receptive field of the rub- 
bing reflexes; the receptors of the skin of A \ 
the dog's back are the receptive field of 
the scratching reflex, etc. This means 
that impulses coming along the afferent 
fibres from the receptive field of each 
reflex to the spinal cord, in the end, 
excite only definite efferent neurons. For 
example, impulses from the receptive field 
of the flexor reflex excite in the spinal 
cord the efferent neurons of the flexor 
muscles, but do not stimulate the neu- 
rons of the smooth musculature of the 
urinary bladder or of the muscles of 
the anterior extremities. The interseg- A 8 
mental spinal reflexes produced by stim- 
ulation of the corresponding recep- pig. 246. Receptive zone of “rub- 
tive field almost invariably involve the bing“ reflex (shaded 4) and of 
activity of different effectors, function- flexor reflex (shaded B) in the frog 
ing in strict interaction and succession. (after Baglioni, with modifications). 
For example, during the reflex of defae- 
cation or urination a simultaneous reflex contraction of both hind extrem- 
ities and an upward movement of the tail are observed; during the 
scratch reflex the leg which is brought to the stimulated area of the skin 
is rhythmically flexed and extended. This successive introduction of a 
number of effectors into the reflex act is probably due to the inclusion of 
new reflexes evoked from receptors stimulated during the preceding phase 
of the reflex act. 

The development of inhibition in the course of reflex activity is clearly 
revealed by graphic records of the motor spinal reflexes. Most of the 
skeletal muscles, even when the receptors are not specially stimulat- 
cd, are in a state of tonic contraction produced by excitation which 
arises reflexly in the motoneurons in response to impulses constantly 
coming to the central nervous system from the muscular receptors and 
probably also from the cutaneous receptors. If the motoneurons of 
any muscle are inhibited, the tone of the latter is lost, and the muscle 
relaxes, which is shown in the myographic curve (Bronquist, Sherrington 
et al.). 


Inhibition manifests itself in the discontinuance or prevention of excitation of tre 
efferent neurons. This inhibition is, apparently, determined by the activity of inter- 
nuncial neurons of the spinal cord (as far as reflexes of a spinal animal are concerned). 
The fact that the inhibitory processes arise mainly in the internuncial neurons is 
testified to, for example, by the following data. When protracted stimulation of an 
afferent nerve no Jonger produces a reflex response, the latter can be restored if the 
stimulation is transferred to another afferent nerve of the same receptive field. 

The following experiment proves that inhibition necessarily devclops in such a 
relatively simple form of reflex activity as spinal reflexes. By subjecting the motor 
nerve to maximal stimulation, it is casy to measure the maximum intensity of the 
contraction of the muscle which manifests itself when all its motor units are excited. 
It turns out, however. that separate or simultaneous stimulation of the affercnt fibres 
of various nerves fails to produce a maximal reflex contraction of the muscle (Sher- 
rington and his co-workers). Hence, the conclusion must be drawn that the process 
of inhibition prevents the propagation of impulses from the afferent fibres to all effer- 
ent neurons of every muscle. During a reflex contraction of the muscle produced by 
stimulation of various afferent fibres the process of inhibition is sometimes more and 
sometimes less pronounced, but never fully ceases. 


Conditions of Constancy and Variability of Reflexes in the 
Absence of Cerebral Hemispheres. Principle of the Dominant 


Each reflex act of the organism is always the same if reproduced under 
exactly the same conditions; any change in the responses of the organism 
to stimulation of the receptors is determined by a corresponding change 
in the conditions under which they are evoked. The facts relating to the 
constancy of the spinal and bulbar reflexes observed under very definite 
conditions and the similarly regular modification of reflexes resulting from 
changes in these conditions must be considered from this point of view. 


It will be observed that the experimental material, which characterizes the laws of 
the reflex activity in the absence of the higher divisions of the brain, has been ob- 
lained mainly by a study of motor reflexes in spinal (or decerebrate) animals. But 
studies of the respiratory, vascular and secretory spinal reflexes, of reflexes involving 
the medulla oblongata and all reflexes in the so-called thalamic animal (Chapter 59), 
aimed at establishing the nature of the gencral mechanisms of reflex activity, have 
barely started. 


Influence of Intensity of Stimulation on Nature of Spinal 
(and Bulbar) Reflexes 


When stimulation of the receptors is intensified, the intensity of the 
reflex increases while its nature remains unchanged; for example, saliva- 
tion increases (when stimulation of the taste receptors is intensified), the 
flexors of the leg contract wilh preater force in response to a stronger 
prick of the skin on the foot, etc. Still stronger stimulation of the receptive 
field of a reflex adds new effectors to the reflex which are not involved in 
reflex activity produced by weaker stimulation; as a result the reflex is 
generalized. 

When irradiation of the reflex excitation in the centres is very high, the 
reflexes largely lose their adaptive significance, since the reaction involves 
a mass of diverse effectors (the movements of a drowning man, which in 
no way help him keep afloat, serve as an illustration). The reactions to 
very strong stimulations of different reflex zones may be similar (chaotic 
movements). 

If stimulation of the receptors goes beyond a certain limit, the reflex 
activity of the effectors either diminishes. or is fully suppressed. 
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Inhibition may leave a protracted aftereffect and weaken or even fully suppress 
not only the reflex evoked from the stimulated receptors, but also reflexes from other 
receptive fields. Reflex activity is often inhibited by strong stimulation not during 
stimulation, but some time after its suspension. especially in animals with the nervous 
system intact and sometimes also in reflexes of animals with the spinal cord separated 
from the higher centres, 


Any reflex can be intensified or inhibited depending on other reflexes 
which are evoked at the given moment or were evoked prior to it. But 
whereas some reflexes are very susceptible to changes, others yield to 
inhibitory influences with difficulty. 

Reflexes whose reflex arcs include afferent fibres terminating directly 
on the bodies of the ciTerent neurons are the most stable. Such are 
the stretch reflexes (the 
knee-jerk and others). It 
is difficult to produce 
complete inhibition of 
such reflexes as the cor- 
neal reflex, pupilary re- 
flex, scrotal reflex and 
the reflex of the rectus 
abdominis io the stimu- 
lation of the skin. 

Principle of the domi- 
nant. A number ol cases, 
which were character- 
ized as variability of rc- 
flexes or as their “‘distor- 
tion.” were explained by 
A. Ukhtomsky who ad- 
vanced the principle 
of the dominant. Ukh- 
tomsky proceeded from 
the proposition that the 
relations between vari- 
ous central structures 
(intcreentral relations) 
depended both on the 
“history of the system” 
and on the stimuli acting 
upon it at the given mo- 
ment, the variable rela- 
tions between the cen- 
tres always exerting an A. Ukhtomaky 
influence on the nature f 
of the reflex act. 

The experiments on which this proposition was based consist, for 
example, in the following: if a reflex contraction of the extensor muscles 
is produced in the spinal frog several times in succession by stimulation 
of the receptive field of the rubbing reflex, stimulation of the receptive 
field of the flexor reflex does not produce flexion, but a stronger reflex 
contraction of the extensor muscles. Similarly, during the so-called 
embracing reflex in male frogs no stimulation of the skin provokes any 
movements, except a stronger reflex contraction of the muscles of the 
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anterior extremities. By the term dominant Ukhtomsky therefore implied 
a focus of excitation in any division of the central nervous system that 
modifies the current activity of the nervous centres by attracting to itself 
impulses which in the absence of the dominant provoke a different reflex. 

In his theoretical views Ukhtomsky based himself on Wedensky’s theory 
of parabiosis. He found that the excited centre intensified the effect of its 
excitation at the expense of incoming “foreign” impulses only at certain 
degrees of excitation. If the excitation in a centre was so high that as a 
result of any further strengthening it passed into parabiotic inhibition 
(through its characteristic phases, p. 513), the impulses acting on the 
dominant centre would not reinforce the excitation of the dominant focus, 
but, on the contrary, would bring it to a state of inhibition. 

The influence exerted by the dominant centre manifests itself in the 
activity of all divisions of the nervous system (Ukhtomsky’s initial experi- 
ment established that stimulation of the motor zone of the cerebral cortex 
increased defaecation, prepared by the introduction of water into the rec- 
tum). Such phenomena were described earlier and designated as phenom- 
ena of ‘‘Bahnung,” or “facilitation.” But prior to Ukhtomsky the activity 
of the spinal cord was believed to depend on invariable properties of the 
neurons entering permanent reflex arcs. Ukhtomsky showea, however, 
that in the spinal cord, too, the reflex activity was dynamic and depended 
on the relations established during this activity between various nervous 
structures. 


In the spinal cord (in higher animals—in all divisions of the central nervous 
system, except the cerebral cortex) changes taking place during the devclopment of 
the dominant, cannot last long. For example, excitation in the central links of the 
urinary reflex in the spinal dog may be intensified, if the dog's paw is at that time 
stimulated by pinching; in this case pinching does not produce flexion of the paw, 
but intensifies urination. But when the receptors of the urinary bladder are no longer 
stimulated, this change in the flexor reflex disappears. However often flexion of the 
paw in the spinal animal is combined with distention of the urinary bladder, no pinch- 
ing of its paw without any actual stimulation of the receptors of the urinary bladder 
or without its aftereffect will produce the urinary reflex. In the normal dog, however. 
it is easy to claborate a conditioned reflex by combining the pinching of the paw with 
the distention of the urinary bladder after which pinching will produce contraction of 
the muscles of the urinary bladder even when the latter is not distended. 


Phenomena of Spinal Shock 


After a transverse section of the spinal cord, the formations, separated 
from the higher centres, are for some time unable to perform any reflex 
acts; the excitability of the spinal cord below the site of the section is 
suppressed. Gradually, within certain periods of time, the duration of 
which depends on the species of the animal, the reflex activity of the spinal 
cord is restored. The myotatic reflexes, particularly the tendon reflexes and 
the flexor reflex of extremities in response to painful stimulations of the 
foot (pricking, pinching), recover first. The extensor, urinary and vascular 
reflexes recover later (in dogs and cats within a period of 3 to 5 weeks after 
the severance of the spinal cord; in monkeys still later). 

The suppression of reflex activity in the spinal cord separated from the 
brain by a transection, is designated as spinal shock. Shock phenomena do 
not depend entirely on the stimulatory influence of the transection of the 
spinal cord. This is proved by the fact that a second transection of the 
spinal cord, made below the first one and similarly stimulating its 
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transected nerve libres, does not produce a repeated shock (Sherrington). 
The phenomena of shock are chiefly delermined by the exclusion of the 
influences which the higher divisions of the central nervous system nor- 
mally always exert on the spinal cord. 


Strictly speaking, after transection of the spinal cord reflex activity of its segments 
separated from the higher centres never establishes itself at a definite and invariable 
level. It keeps changing, though Jess perceptibly than during the first days after the 
operation, when it is in the process of recovery. There are certain indications (W. Can- 
non) that after transection of the spinal cord its partly denervated neurons (due to 
degeneration of the nerve fibres descending [rom the higher parts of the brain) become 
more sensitive to adrenalin and acetylcholine which circulate in the blond, This may 
play a certain role in the recovery of the reflex activity of the spinal cord after its 
severance from the brain. 

Shock phenomena arc the more pronounced, the more developed the higher divi- 
sions of the brain. In frogs the shock arising after transection of the spinal cord dis- 
appears in a few minutes: in the dog recovery of complex reflexes takes many days; 
in monkeys, weeks; and in man, months. It is true that the time of the disappearance 
of shock phenomena cannot be ascertained, since after transection of the spinal cord 
its activity is, apparently, never stabilized. The foregoing approximate periods perlain 
to the recovery of complex reflex movements (extension of one leg with simultancous 
flexion of the other, vasculur reflexes and swinging movements of the extremities). 


The impulses coming from the medulla oblongata and the midbrain are 
the most important for the maintenance ol the normal excitability of the 
spinal cord in cats and dogs. But the influences coming from the cerebral 
cortex are particularly important in man and higher monkeys. Destruction 
of two-thirds of the spinal cord in the cat by a cut from the dorsal surface 
will produce no shock unless the incision affects the pathways which con- 
nect the spinal cord with the nuclei of the vestibular nerves. In man, how- 
ever, damage of the pyramidal pathways alone develops almost as deep 
a shock as transection of the entire spinal cord. 


It was recently demonstrated (M. Durmishyan) that transection of the dorsal half 
(or only of the posterior columns) of the spinal cord (p. 581) in the region of the supe- 
rior thoracic segment alone may produce almost as deep a shock as complete tran- 
section of the spinal cord. If a second transection of the posterior columns in the 
region of the cervical segments is made alter the recovery of the activity of the spinal 
cord shock phenomena reappear. Durmishyan believes that in this cuse the shock is 
due to the irritation of the ascending pathways of the spinal cord. This is also evident 
from the fact that after a second more caudal transection of the posterior columns 
(for example, at the level of D), no shock phenomena arc observed, Similarly, a pre- 
liminary application of cold or novocain to the region of the inferior cervical segments 
prevents the shock, provoked by transection of the posterior columns at the level of 
the upper thoracic vertebra, It may be assumed that powerful centripctal impulses 
from the site of transection create foci of pessimal inhibition, which deranges the nor- 
mal influence of the brain upon the spinal cord. 


Subordinative chronaxie. Disruption of the connections between the 
spinal cord and the medulla oblongata and mainly, apparently, the mid- 
brain, leads to a characteristic modification of the chronaxie of the skeletal 
muscles and motor nerves; the chronaxics in spinal animals (dogs, cats) are 
higher than in animals whose spinal cord is connected with the midbrain. 
This likewise reflects the influence exerted by the flow of impulses from 
the reflex centres of the brain on the lower divisions of the central nervous 
system. It is also testified to by the fact that the summation of impulses 
from afferent fibres after the scparation of the spinal cord from the brain 
differs from normal. To evoke a reflex in the spinal animal requires a 
more frequent succession of impulses in the afferent fibres or a large num- 
ber of such impulses if the rhythm is the same. 
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Even in the frog, in which spinal shock is weak, the ability of the spinal cord tv 
cifect summation of impulses sharply declines after separation of the spinal cord from 
the medulla oblongata and the midbrain. As a rule, such a [rog fails to react with the 
flexor reflex to a single induction-current stimulation of the afferent fibres which 
extend from the receptors of the web. But if the cerebral hemisphcres are removed, 
while the medulla oblongata and the midbrain retain their connection with the spinal 
cord, the frog does react to this stimulation with the flexor reflex. The specific role of 
the midbrain in dogs, cats and rabbits is apparently its production of impulses which 
reflexly arise in response to any change in the position of the head and body, and 
largely determine the distribution of muscular tone. 


Effects of spinal transection in man. A human being with the spinal 
cord completely severed by a wound or other injury shows scarcely any 
reflexes for a period of one to four weeks. 

As the reflex activity in the transected spinal cord is restored, a so-called 
Babinsky’s reflex, i.e., upward extension of the big toe on stimulating the 
plantar surface by a blunt object, makes its appearance; the abdominal 
muscles also exhibit early recovery by reflex contractions in response to 
stimulation of the skin of the abdomen. This is followed by recovery of 
the knee-jerk and other tendon reflexes; the flexor reflexes reappear next 
as feeble flexions only in response to stimulation of the foot at first and 
then as vigorous flexions on stimulating any point of the lower extremity. 
The knee-jerk recovers somewhat later than the Babinsky’s reflex, but the 
crossed extensor reflex appears the latest; in spinal man it is never so 
pronounced as in the spinal dog. In general, extensor movements are 
scarcely observed in man alter spinal transection, while a tone in the 
flexor muscles is often evident—the patient lies with his legs half bent. 

After spinal transection man often shows considerable generalization of 
reflexes: both legs flex vigorously in response to weak stimulation of the 
skin of the leg. 


Brown-Séquard’s syndrome, Scction of one side of the spinal cord results in the 
Brown-Séquard syndrome. This syndrome is determined by the fact that most of the 
descending corticospinal fibres, like the ascending fibres of pain and thermal sensi- 
bility, decussate, whereas the fibres of muscular and partly of tactile sensibility do not. 
The ability to move and to react to stimulations of the muscular receptors is accord- 
ingly lost on the side of the transection or lesion of the spinal cord, while pain and 
thermal sensibility is retained. Contrariwise, the opposite side retains the ability to 
move (since the mass of fibres of the pyramidal pathway decussate in the medulla), 
but pain and thermal sensibility are lost. Tactile sensibility somewhat decreases, but 
does not disappear on either side. 


Some Clinically Important Reflexes 


Normally there are neither “spinal reflexes,” nor “spinal centres,” since 
there are no reflexes which are normally effected by the spinal neurons 
alone without any influence of the higher divisions of the nervous system. 
Spinal] reflexes and their centres may be regarded as actually existing only 
when the spinal cord is transected. 

Neuropathology, however, used to designate those reflexes as spinal 
whose investigation made it possible to find the region of the spinal cord 
in which particular pathological changes occurred. The study of a number 
of reflexes warranis the conclusions, since these reflexes necessarily 
involve the neurons situated in definite spinal segments. 

In some cuses observations of the reflexes mentioned in Table 26 also offer some 


ideas about the activity of the higher divisions of the nervous system. This pertains, 
for example, to Babinsky’s reflex which disappears at about the age of one year, if 
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the motor zonc of the cerebral cortex and pyramidal tract function normally; in adults 
it appears in hemiplegia (lesion of the motor zone of onc hemisphere paralyzing the 
side opposite to that of the lesion). An excessive intensification of the knee-jerk reflex 
is also often observed; the reflex manifests itself in a series of extensions of the leg in 
response to one Jight tap on the tendon of the quadriceps muscle. 


The basic reflexes studied by clinical medicine (including those con- 
nected with the activity of the medulla oblongata and the midbrain) are 
enumerated in Table 26. 


Table 26 
Some Reflexes Easily Observed in Man 











Name of reflex ' Stimulation Ratiive of ropan | Central link of 
$ : | evoking reflex l t ae reflex are 
I i 
Pupillary ......... Sudden ilumina- Constriction of Midbrain 
tion of eye i pupil i 
Cornenl.. s.e | Light. touch of i Closure of eyelids | Medulla 
i cornea i i 
Tendon reflexes: | | Segments of 
: i spinal cord: 
u) Una ......... | Tapping on tendon | Flexion of arm, 1 V-IV cervical 
of biceps / slightly bent in i 
: ‘elbow | 
D) Knee-jerk ..... l Light. tap on © Extension of leg |! IH-TV lumbar 
i pratella ! i 
H į $ 
e) Achilles reflex.. | Tap on Achilles Plantar flexion l 1-IT sacral 
, tendon j | 
i ‘ ' 
Cutancous | | 
reflexes: i ! 
a) Abdominal: ! Drawing lincon j Contraction of ab- i 
Upper ......... i skin: » dominal wall inj} VIT-VIII thoracic 
Middle i region of stimu- | 1X-X is 
` tte CEAS j ‘ lation its ” 
Lower ,........ | i i XI-XII 
| above navel | | 
H [i É 
| at level of navel i} | 
| 1 
p below navel il | 
b) Testicular ..... l Drawing line on | Elevation of | IIL Jumbar 
| inner surface of testicle | 
| thighs | 
¢) Plantar........ | Drawing line on | Flexion of all five | V lunbar. - 
| toen | T sacral 
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Normal Functions of Spinal Cord 


We still judge of the activity of the spinal cord only by its anatomical conneclions, 
by the consequences of its removal and the study of reflexes in spinal animals. Con- 
clusions concerning the normal functions of the spinal cord were made 
mainly by using the latter method. It was thought, for example, that ìf 
pricking of the foot produced flexion of the stimulated paw both in normal and spinal 
animals, in an undamaged organism flexion also resulted only from the reflex activity 
of the spinal cord. Furthermore, if the extensor reflexes in spinal dogs were weaker 
than the flexor reflexes, the conclusion was drawn that the extensor reflexes normally 
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involved the brain. Actually, however, all reflexes involve the integrated activity of 
the central nervous system. 

Strictly speaking, we know very little about the normal activity of the spinal cord. 
We know, of course, that motor and vascular reflexes arc impossible without the 
spinal cord; this fact is quite obvious even from morphological data alone. It is like- 
wise obvious that the spinal cord functions not only as a conductor of impulses. We 
still know very little, however, of the concrete ways in which the higher centres exert 
their influence on the processes developing in various spinal ncurons. This question 
has never even been posed in any investigation, so decp-rooted is the habit of mechan- 
ically including the data which characterize the reflex activity of the spinal cord 
separated from the higher centres into the concept of integrated reflex activity. 

Meanwhile the question of the normal activity of the spinal cord cannot be an- 
swered merely by studying its functioning when it is transected. Theoretically there is 
only onc thing to do: it is to make a thorough study of the bio-clectrical currents led 
off from an intact central nervous system simultaneously to many oscillographs (to 
many of their inlet channels) from several pathways. from certain groups of spinal 
neurons, the cerebral cortex, the basal, mesencephalic, cerebellar nuclei, etc. Until 
now these methods have not even been applied in acute experiments. There are only 
some important indications that distinct electric potentials are recorded in the motor 
zone of the cerebral cortex, for example, during Nexion of the paw; this testifles to 
the fact that impulses arising during spinal reflexes reach the cerebral cortex. These 
experiments do not explain, however, how the given impulses are transformed in the 
neurons of the spinal cord. 

The importance of the foregoing questions is so great that we deemed it necessary 
to point them out. They must also be posed in relation to the activity of the medulla 
oblongata, midbrain and cerebellum, since our Knowledge of these structures is based 
on experiments investigating the consequences of their extirpation or of their artificial 
stimulation, 


Tracts of the Spinal Cord 


The tracts of the spinal cord are bundles of fibres forming the so-called 
white matter of the spinal columns. The anterior spinal columns represent 
a mass of white matter situated between the anterior fissure of the spinal 
cord and the anterior roots; the lateral columns arc formed of white matter 
enclosed by the anterior and posterior horns of the gray matter of the 
spinal cord and by the corresponding roots; the posterior columns represent 
white matter situated between the posterior horns of the gray matter and 
the posterior roots. 

The ascending tracts of the spinal cord consist of bundles of nerve fibres 
which conduct impulses along the spinal cord to the higher divisions of 
the central nervous system. 

The fibres of the ascending pathways are either axons of cells lying in 
the spinal panglia, or axons of those nerve cells of the gray matter in the 
spinal cord, at which the branchings of the fibres of afferent neurons 
terminate. 

Impulses from various receptors are transmitted in the spinal cord along 
different pathways. A mass of fibres, extending from the muscular recep- 
tors, pass the medial part of the posterior roots and upon entering the 
spinal cord form the column of Goll (funiculus gracilis) and the column 
of Burdach (funiculus cuneatus, Fig. 247). These columns make up the 
posterior spinal columns, which are formed by processes of the cells of the 
spinal ganglia ascending to the medulla oblongata; there, the fibres of these 
columns terminate at nuclei which also bear the names of Goll and Bur- 
dach. The cells of these nuclei project new fibres to higher centres. In 
addition to fibres extending from the muscular receptors the columns of 
Goll and Burdach also contain part of the fibres which extend from the 
cutaneous tactile receptors. Some of these fibres terminate in the gray 
matter of the spinal cord where they give off a number of collaterals. 
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The dorsal spinocerebellar tract, or Flechsig’s column, is situated in the 
posterior external part of the lateral column of the spinal cord (Fig. 247). 
The fibres of this tract are axons of cells of the same side and partly of the 
opposite side of the spinal cord. These cells lie in the gray matter at the 
base of the posterior horn, forming the so-called Clarke's column. The 
fibres of the dorsal spinocerebellar tract terminate at the cells of the cere- 
bellar cortex. The ventral spinocerebellar tract, or the column of Gowers 
(Fig. 247), passes in the anterior-external part of the lateral spinal column 
in front of Flechsig’s column. The fibres of this tract are processes of nerve 
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Fig. 247. Conducting pathways of spinal cord. 

Dots on left indieate ascending pathways; on right, descending pathways. Circles dhow 

interegmental pathwayn. Aaeending pathways: J -columnof Goll; X7 column of Burdach; 

A O Flechsig's dorsal spinocerebellar tract; VJIJI ventral spinocorebollar tract of Gowers; 

IX and V7 -lateral and ventral apinothatunie tract; XJ spinotactal tract. Descending 


pathways; Li and Vo lateral and pyramido-anterior tract; JIT rabrospinat tract; IF 
vestibuloapinal draet; VZJ olivospinal tract. 


cells of the spinal posterior horns. Both spinocerebellar tracts, con- 
sequently, consist of axons of cells lying in the spinal gray matter. All 
fibres of the columns of Flechsig and Gowers conduct to the cerebellum 
the impulses which arise in the cells of the spinal cord under the influence 
of excitation transmitted to the centres from the muscular receptors. 

Pain, cold, heat and partly tactile reception are transmitted by the 
fibres of the spinothalamic tracts. 


The spinothalamic tract is formed by axons of small cells lying in the posterior 
horns of the spinal gray matter and lics in the lateral column to the interior of the 
spinocerebellar tracts. The nerve fibres. extending from the pain and thermal recep- 
tors. on entering the spinal cord, at once penctrate the matter of the posterior horns 
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and terminate at cells which lie in the segment they enter. The small cells of the 
posterior horns, contacted by the fibres of pain and thermal reception give off axons 
which pass to the opposite side within the antcrior white commissure and form the 
spinothalamic tract. The fibres which conduct impulses of thermal reception, appar- 
ently, lie dorsally from the fibres of pain reception. 

In addition to the aforesaid ascending afferent pathways, there is also the spino- 
tectal tract formed by fibres of the cclls of the postcrior horns which pass to the 
opposite side (the fibres of this tract terminate in the nuclei of the corpora quadri- 


gemina). 


The disposition of the pathways is shown in Fig. 247; their characteristic 
features are summarized in Table 27. 


Table 27 
Characteristics of Ascending Pathways in Spinal Cord s 
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From this review of the ascending pathways in the spinal cord it follows 
that in no case do the fibres of an afferent neuron, whose cell body lies in 
the spinal ganglion, ascend directly to the cortex of the cerebral hemi- 
spheres. The fibres of Goll and Burdach stop in their respective nuclei 
in the medulla oblongata, while all other fibres end at the cells of the 
posterior horns of the spinal cord on its different levels. 

Thus, before reaching the cerebellum, thalamus opticus, olives or corpora 
quadrigemina the impulses from the receptors necessarily pass through 
at least two neurons: one neuron whose cell body lies in the spinal ganglion, 
and the second neuron with the cell body lying either in the nuclei of Goll 
and Burdach, or in the posterior horns of the spinal gray matter. The 
existence of more complex connections is not at all excluded. In particular, 
the fibres of the spinothalamic tract, apparently, project collaterals which 
again enter the gray matter of the spinal cord at different levels and form 
new synaptic junctions with its cells. It is possible that impulses of pain 
can also be conducted upward by the gray matter of the spinal cord. 


The fact that tracts of different functional significance are isolated from one another 
is of practical importance, Transcction of the spinothalamic tract often climinates 
pain sensations on the side of the body opposite the transection, Surgeons sometimes 
utilize it (chordotomy) to relieve the patient from intractable pain which does not 
vield to any other therapy (it is true that in a number of cases even after transection 
of the lateral spinothalamic tract pain sensation docs not entirely disappear owing to 
the existence of some roundabout pathways). Destruction of the gray matter of the 
spinal cord around its central canal similarly interrupts the pathways of pain sensi- 
bility. This occurs in the discase known as syringomyelia, in which pain sensations in 
melameres corresponding to the affected segments totally disappear, while tactile 
sensations pcrsist. 


The intersegmental tracts of the spinal cord represent more or less short 
fibres which do not reach the brain, but provide interconnection of various 
segments of the spinal cord. 

Descending tracts connect the higher divisions of the central nervous 
system with the cfferent neurons of the spinal cord. They include the cor- 
ticospinal ov pyramidal tracts, whose fibres are formed by axons of large 
pyramidal cells (Betz's cells) of the motor zone of the cerebral cortex. The 
preater part of the fibres of the pyramidal tract pass to the opposite side in 
the lower part of the medulla oblongata (decussalion of the pyramids) and 
form the lateral corticospinal tract (crossed pyramidal tract) situated to the 
interior of Flechsig’s column (Fig. 247) in the lateral spinal column. The 
lesser part of the fibres of the pyramidal tract forms the anterior cortico- 
spinal tract (direct pyramidal tract), whose fibres make up a narrow bundle 
lying in the anterior column of the spinal white matter. These fibres, how- 
ever, also pass to the opposite side on the level of the spinal segment at 
which the given fibres terminate. 

The cells of the motor zone of the cerebral cortex are thus connected by 
fibres of the corticospinal tracts only with the opposite side of the spinal 
cord. The fibres of the corticospinal tract terminate at the motor cells of 
the anterior horns which give off motor fibres to the skeletal muscles. 

The higher the organization of the cerebral cortex, the more developed 
the pyramidal tract. It attains to its maximum development in man. Myeli- 
nization of the pyramidal tract ends only at the age of two. 

The rubrospinal tract (Monakow) is formed by fibres which are processes 
of the cells of the red nucleus (nucl. ruber) of the midbrain. Already in the 
midbrain these fibres fully cross to the opposite side (the so-called Forel’s 
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decussation), and in the spinal cord extend to the anterior of the lateral 
corticospinal tract in the lateral spinal column (Fig. 247, IHI). 


The fibres of the tectospinal, olivospinal and vestibulospinal tracts (Fig. 247) are also 
descending pathways. The fibres of these tracts are formed by the processes of cells 
lying in the tectum of the midbrain (lectospinal tract), in the olive (olivospinal tract) 
and in the tateral nucleus of the vestibular nerve (vestibulospinal tract). 


The fibres of all the foregoing tracts run through the medulla oblongata. 
The medulla itself gives rise to a pathway which is an extension of Goll’s 
and Burdach’s columns and represents axons of cells lying in Goll’s and 
Burdach’s nuclei. Upon leaving Goll’s and Burdach’s nuclei these axons 
pass to the other side of the medulla oblongata (decussation) and enter the 
medial lemniscus (lemniscus medialis), which is also joined by the spino- 
thalamic tracts. Higher (in the region of the pons) the medial lemniscus is 
adjoined by fibres of the lateral lemniscus extending from the nuclei of the 
auditory nerve. The medulla oblongata gives rise to fibres of the second 
neuron of the trigeminal nerve (lemniscus trigemini), which reach the optic 
thalamus, and to fibres connected with the nuclei of the vestibular and 
vagus nerves. 


CHAPTER 58 
FUNCTIONS OF MEDULLA OBLONGATA 
Role of Reflex Activity of Medulla Oblongata 


Afferent fibres entering the medulla oblongata include those which con- 
duct impulses from the receptors of the skin of the face, mucous membranes 
of the eyes, nasal and oral cavities (with taste receptors), organ of hear- 
ing and labyrinths, the receptors of the larynx, trachea and lungs, heart, 
aortic and sino-carotid zone, and a number of receptors of the stomach, 
liver, pancreas and small intestine. 

Impulses arising in the afferent neurons of the medulla ensure: a) defen- 
sive reflexes of the eye (winking, tear secretion); b) contraction of all the 
muscles of the face; c) secretion of the salivary and gastric glands and the 
pancreas; d) activity of the muscles of the tongue and larynx; e) regulation 
of cardiac activity and the movements of the alimentary tract. 

Thus, reflex regulation of blood circulation, respiration and digestion, the 
reflex acts of all the muscles of the face and the reaction to stimulations 
from all receptors of the skin and mucous membranes of the face, eyes, 
mouth, larynx, oesophagus, stomach, intestines, organ of hearing, labyrinths 
and some of the most important interoceptors of the organs of the thoracic 
and abdominal cavities are possible only when the medulla oblongata func- 
tions normally. It follows that the medulla oblongata plays a tremendous 
role in the organism; injury to the medulla is often almost immediately 
fatal. 


Role of Medulla in Regulation of Muscle Tone 


If the brain of a mammal including the midbrain and its red nuclei is 
removed (Fig. 248, line JII), but the medulla oblongata is retained and not 
separated from the spinal cord, high tension of the extensor muscles devel- 
ops (Fig. 249) and persists for hours and even days. The extremities of such 
an animal are extended and can be bent only with grcat difficulty. The cer- 
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vical muscles which bend the head backward are strained, the spinal 
column is somewhat archcd (opisthotonos). Thus, all muscles whose tension 


opposes the action of the 
force of gravity (extensors) 
are in a state of pro- 
tracted tonic tension after 
the separation of the med- 
ulla oblongata from the 
midbrain. This sharp in- 
crease in the tone of 
the extensor muscles was 
termed by Sherrington 
decerebrate rigidity (de- 
cerebration signifies re- 
moval of the brain above 
the medulla oblongata). 
In decerebrate rigidity 
the tone of the extensors 
is higher than that of 
the flexors; but the latter 


y ar T 





Fig. 248. Schematic diagram showing sections of brain 

stem in their relation to decerebrate rigidity. Sections 

I and JT produce no rigidity (in front of n. ruber). 

Section 171 produces rigidity (behind n. ruber), Section 

IV terminates rigidity (after Magnus, with some modi- 
fications). 


are not relaxed either; owing to their protracted tension, the extremi- 
ties become, as it were, rigid pillars able to support the weight of the body. 

Decerebrate rigidity does not develop, if the midbrain of the 
animal retains its connection with the medulla oblongata (Fig. 248, 
section along lines I and II). It is also absent when the medulla oblongata 





is detached from the spinal cord 
(Fig. 248, section along line IV). 
It follows that in the medulla 
oblongata there are nerve cells 
which can bring the spinal neu- 
rons innervating the extensors into 
a state of excitation. But if the 
medulla oblongata is connected 
with the midbrain, no rigidity 
occurs; hence, the midbrain exerts 
influences that depress the 
excitation of the structures of 
the medulla oblongata which act 
upon the motoneurons of the ex- 
tensor muscles. 

Increased tone of the extensors of 
the lower extremities is observed 
in human beings and apes when 
only the motor zone of the cerebral 
cortex is injured. In the upper ex- 
tremities the tone of the muscles 
which oppose the force of gravity 
is also increased, but here such 
muscles are the flexors which flex 


Fig. 249. Decerebrato rigidity. the arm. But in man injuries to 
n eat with exeluded cerchral hemispheres (by the the midbrain also increase the 
ligaturo of blood vemsoln):; b- same cat with aimul- tone of the extensors to a much 


tancously excluded cerebellum (aftor Davis and Polak, 


from T. Boritov`a book). 


greater extent than injuries to the 
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cortex alone, and this increased tone of the extensors partly spreads to the 
upper extremities. 

The reflex activity of the nucleus of the vestibular nerve plays an impor- 
tant role in the emergence of excessive tone of the extensors. Stimulation 
of the vestibular nucleus and, particularly, of its part known as Deiters’ 





Fig. 250. Position of head producing minimal (a) and maximal (b) 
extensor tone (after Magnus), 


135 


225 


25 





290 


Fig. 251. At position of head marked 360° and 180° 

extensor tone is minimal; it risen (0 maximum at 

positions marked from 65 to 100° and from 290 to 235° 

(figures indicate degrees in relation to imaginary di- 

ameter of circle connecting figures 360° and 180°) 
(after Rademacher, from J. Beritov’s book). 


nucleus greatly reduces decerebrate rigidity; destruction of the formatio 
reticularis of the medulla oblongata together with Deiters’ nucleus com- 
pletely removes decerebrate rigidity. 

Decerebrate rigidity develops in response to impulses from the receptors 
of the extensor muscles. Injection of a solution of novocain into these mus- 
cles or transection of corresponding posterior roots suppresses the tone of 
the extensor muscles. Consequently, decerebrate rigidity arises as a result 


586 


of abnormal intensification of reflexes effected by the spinal cord and 
medulla oblongata in response to the impulses coming both from the recep- 
tors of the extensor muscles, which are stretched by the action of the force 
of gravity, and from the receptors of the labyrinth. 


The role of the medulla oblongata in effecting decercbrate rigidity is probably con- 
nected with the fact that it receives a continuous flow of impulses from highly 
important receptors of the respiratory and circulatory systems and from the labyrinths. 
That is probably why the medulla oblongata continuously acts upon the reflex centres 
of the spinal cord and increases their excitability. If the spinal cord is separated from 
the medulla oblongata, it never develops the excitability in which the tone of the 
extensor muscles, in response to impulses from their receptors, rises to a level that 
characterizes decerebrate rigidity. 

Penfield, who succeeded in keeping cats alive for three weeks after decerebration, 
observed Nuctuating rigidity in them. Relatively recently Keller observed no pro- 
nounced rigidily in decerebrate animals kept alive for an even longer period of time. 
L. Beritov is probably right in stressing the important part played by the stimulation, 
which spreads from the site of the transverse section of the medulla, in the develop- 
ment of rigidity. In any casc the scheme of mere equilibrium between the influences 
inhibiting and exciting the extensor neurons is, of course, greatly simplified. 


Tonic labyrinth reflexes. The tone of the extensor muscles (and to a 
certain extent also of the flexors) changes reflexly in response to stimula- 
tion of the receptors of the labyrinth. The receptors of this organ (details 
can be found in Chapter 71) are stimulated by changes in the position of 
the head and in the velocity of the body’s motion in space. The reflexes orig- 
inating in the labyrinth receptors during changes in the position of the 
head are particularly important for the regulation of the muscle tone. In 
experiments performed on decercbrate animals Magnus found that the tone 
cf the extensor muscles is maximal if the animal is placed in a position in 
which its snout is raised 45 degrees to the horizontal plane (Figs. 250 and 
251). In this position of the head, the otolith of the utriculus hangs by the 
finest hairs of its epithelial cells (Chapter 71). In other positions of the nead 
the extensor tone diminishes; it falls to a minimum when the animal is 
placed on its belly so that its mouth cleft is lowered 45 degrees to the hori- 
zontal plane (Figs. 250 and 251). The otoliths of the internal ear in this case 
lie on the hairs which support them. The extensor tone may even give way 
to flexor tone. Thus, excitation in the receptor apparatus of the labyrinths 
of the internal ear is at its maximum when the hairs of the otoliths are 
stretched, which leads to the maximal tone of the extensor muscles. Con- 
trariwise, the extensor tone is minimal when the head is in a position in 
which the otolith lies on the hair that supports it. 

Labyrinth reflexes fix the limbs in definite positions and were therefore 
named by Magnus postural reflexes. 

Tonic reflexes from receptors of neck muscles. The labyrinth reflexes 
are not the only ones that influence the tone of the skeletal muscles. The 
impulses arising in the receptors of the neck muscles play the same role. 


Any alteration in the position of the head usually affects the position of the head 
in relation to the trunk (and vice versa). To study pure labyrinth and neck reflexes, 
it is therefore necessary to experiment either on animals whose labyrinths have been 
removed (in which case only the neck reflexes are present), or on animals with the 
three upper posterior cervical roots transected on both sides (then afferent impulses 
from the receptors of the neck muscles are excluded, and labyrinth reflexes alone can 
be observed). 


The influence of the neck reflexes manifests itself in the fact that when 
the head is turned from right to left or from left to right in relation to the 
trunk, the extensor tone is maximal on that side of the body towards which 
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the top of the head is turned. If the head is turned on an axis, mentally 
drawn through both auditory meatuses, forward bending of the head causes 
increased extensor tone in the hind limbs, with reduction of tone in the 
fore limbs. Contrariwise, when the head is thrown backwards, the extensor 
tone in the fore limbs increases and the hind limbs flex. 

Labyrinth reflexes to neck muscles. The neck and labyrinth tonic reflexes 
are interconnected because impulses from the labyrinths influence the tone 
of the neck muscles. The maximal tone of the neck muscles is observed in 
such positions of the head in which impulses from the labyrinths lead to a 
reflex increase in the extensor tone of the limbs. Impulses from each laby- 
rinth influence mainly the neck muscles of the opposite side (therefore, 
when the labyrinth is damaged, the head of the animal is turned towards 
the side of the damage). 

Significance of postural reflexes. In the normal organism regulation of 
the tone of the skeletal muscles is never confined to bulbar reflexes alone. 
The role of these refiexcs, however, may also be detected in the normal 
animal. Let us recall, for example, the behaviour of the cat when meat is 
shown to it from above: looking at the meat the cat lifts its head and its 
neck muscles stretch, while its fore limbs extend and its hind limbs flex 
reflexly. If the receptors of the neck muscles are disconnected from the 
spinal cord by transection of the three upper posterior cervical roots, this 
reflex change in the tone of the limbs disappears: the cat lifts its head when 
it is shown meat, but the forelegs do not extend. 


CHAPTER 59 


FUNCTIONS OF MIDBRAIN, CEREBELLUM AND DIENCEPHALON 


No efferent nerve fibres issue from the central nervous system above the 
midbrain; similarly, no afferent nerve fibres enter the central nervous 





Diencephaton 






oblongata 


Fig. 252. Divisions of brain (after Williger). 


system here except the fibres of the optic and olfactory tracts. In view of 
this, the higher divisions of the brain can be characterized as a mass of 
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neurons that form a superstructure on other neurons, which directly re- 
ceive stimulations from the receptors, and on efferent neurons. 


To comprehend the evolution of the cerebral hemispheres requires a consideration 
of the embryonic development of the central nervous system. It is well known that 
the nervous tube, which arises at an early stage of embryonic development, soon forms 
two divisions: the spinal cord and the brain. The latter division in its turn divides 
into three vesicles: the anterior brain, the midbrain and the rhombic brain. Later the 
first and third vesicles again subdivide into two vesicles cach, thus forming five divi- 
sions in all: 1) the end-brain, 2) the diencephalon (these two divisions develop from the 
forebrain), 3) the midbrain, 4) the hindbrain, and 5) the medulla oblongata (the last- 
named two divisions develop from the rhombic brain). The end-brain forms a twin 
organ—the cerebral hemispheres. Their thickened ventral and lateral walls form the 
corpus striatum, while the remaining, thinner part of the walls forms the cerebral 
cortex. The diencephalon of the adult consists of the thalamus opticus and the nuclei 
of the hypothalamic region. The midbrain includes the four eminences (corpora quad- 
rigemina), red nuclei, substantia nigra, and other formations; the hindbrain includes 
the cerebellum and the pons (Fig. 252). 


Structures of Midbrain 


The folowing structures belong to the midbrain: 

a) the cerebral peduncles containing the conducting pathways from the 
lower centres to the higher centres of the brain and from the higher centres 
to the spinal cord and medulla oblongata. These conducting pathways also 
form the cerebellar peduncles; 

b) nuclei of the third and fourth pairs of cranial nerves, whose functions 
are discussed in Chapter 70 devoted to vision; 

c) corpora quadrigemina, containing groups of nerve cells essential for 
the coordination of the visual and auditory refiexes: turning the eyes and 
the head in the direction of optic stimulations, turning the head in the 
direction of acoustic stimulations. The removal of the corpora quadrige- 
mina deranges these reflex movements. The anterior corpora are required 
for the reflexes from the receptors of the retina; the posterior corpora, from 
the receptors of the cochlea. Stimulation of Lhe region of the corpora quad- 
rigemina evokes movements of the eyes; pilomotor effects and contrac- 
tions of the muscles of the vocal chords have also been described; 

d) substantia nigra—a group of cells of the midbrain, whose functions 
are as yet unknown, but are apparently connected with the regulation of 
movements. At present most of the researchers relate the substantia nigra 
to the so-called extrapyramidal system; 

c) red nucleus, nucleus ruber—a large aggregation of nerve cells in the 
midbrain (Fig. 248). The red nucleus contains a group of large and a group 
of small cells. It is connected by pathways, on the one hand, with the cere- 
bellum and the nuclei of the corpus striatum, and, on the other hand, with 
the spinal cord (rubrospinal tract, Fig. 247). The red nuclei with the forma- 
tio reticularis surrounding them are undoubtedly involved in the regulation 
of muscle tone; this can be seen by comparing the behaviour of a decere- 
brate animal, in which only the pons, the cerebellum and the lower section 
of the midbrain, situated below the region of the red nuclei, are connected 
with the spinal cord and the medulla oblongata, with the behaviour of the 
so-called thalamic animal, in which the cerebral cortex and subcortical 
ganglia have been removed, while the midbrain with iis red nuclei and the 
optic thalamus have been left intact and have retained connection with the 
medulla oblongata. The difference in the behaviour of the aforesaid animals 
can be seen from the following comparisons: 
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Deecerebrate animal (eat or dog) in which only | Thalumic animal (cut or dog) ite whieh midbrain 
spinal cord and medulla oblongata are rotained | and part of diencephalon are retained 





High decerebrate rigidity 


No decerebrate rigidity 


Unable to move without asistunce Can rise without uasistance 

Only reflex regulation of musele tone is ob- | Reflex regulation of skeletal musculature 
served (postural reflexes) which ensures is observed (righting reflexes) which en- 
maintenance of definite posture sures transition from one posture to 

| another 

Maintenanee of equilibrium is impossible Maintenance of equilibrium is possible 

Normal temperature of body cannot. bo | Normal tempernture of body can he 
maintained maintained 

Roapiration is deranged Respiration is normal 


The nervous structures of the midbrain can be characterized, in general, 
as the simplest among the higher centres which coordinate the motor acts. 
The midbrain should be rightfully related to the higher structures, since 
the effect of its activity, like in all higher centres, is attained through influ- 
encing the executive neurons of the spinal cord and the medulla oblongata. 
At the same time they are the simplest nervous structures, in so far as 
normally their functioning fully depends on the higher divisions of the 
central nervous system, and they transmit to the executive neurons impulses 
(which, we may take it, are in some way or other transformed by them), 
arising in the cerebral cortex, or involving the latter. From the cerebral 
cortex these impulses are directed to the region of the red nuclei, substan- 
tia nigra, and corpora quadrigemina mainly through the striopallidal system. 

The fact that righting reflexes arc feasible in response to stimulation of 
the receptors of the skin and musculature, if the region of the red nuclei is 
intact, shows that the centres of the midbrain influence the neurons of the 
lower levels. The cat, in which the cerebral hemispheres have been re- 
moved, but the red nuclei with their surrounding reticular substance retain 
connection with the medulla oblongata and the spinal cord, stands up when 
laid on its side. Excessive excitation of the extensor muscles of the limbs, 
which is characteristic of decerebrate animals, is suppressed by influences 
from the region of the red nuclei, owing to which no decerebrate rigidity is 
observed when the latter are intact. At the same time, when the cerebral 
cortex and basal ganglia are intact, these righting reflexes are fully subor- 
dinated to the influences of the higher divisions of the brain. Normally 
these reflexes form a component part of the complex conditioned-uncondi- 
tioned reflexes. 


Functions of Cerebellum 


Structure of cerebellum. The cerebellum is an organ which first appears 
in lower fish and is functionally highly developed in birds and mammals. 
Ontogenctically it belongs to the hindbrain, since in the embryo it develops 
from the wall of the fourth ventricle; a part of the cerebellum is closely 
connected with the nucleus of the vestibular nerve. The cerebellum of 
higher animals is made up of the phylogenctically older cerebellum (paleo- 
cerebellum—lobus flocculus and nodulus) and the new cerebellum (nco- 
cerebellum) which, in the main, is formed by its lateral lobes (represented 
in white in Fig. 253). The paleocerebellum is the part where the conduct- 
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ing pathways issuing from the vestibular nucleus and spinal cord terminate 
(Fig. 253). 

The afferent connections of the cerebellum are shown in Figs. 253 and 
254. Impulses come to the cerebellum from the spinal cord, vestibular nu- 
cleus, olives, centres of corpora quadrigemina, and cerebral cortex. Fibres 
from the nucleus of the vestibular nerve enter the nudulus and lobus floccu- 
lus; not only the axons of the cells of the vestibular nucleus, but. also some 
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Fig. 253. Divisions of corobehum and their afferent connections (after Dow). 


fibres of the vestibular nerve proper ascend here. Afferent fibres from the 
medulla oblongata enter the cerebellum within the corpus restiforme. Affer- 
ent fibres from the spinal cord (fibres of the columns of Gowers and 
Flechsig) terminate in three posterior parts of the anterior lobe and two 
lower parts of the posterior lobe of the cerebellum (Fig. 254). 

Impulses arising in the muscular receptors and labyrinths go along the 
neurons of the spinal cord and medulla oblongata to the cortex of the cere- 
bellum; among the nerve cells of the latter the cells of Purkinje may be 
regarded as efferent. The axons of these cells reach the nuclei of the cere- 
bellum. Some of the cells of these nuclei give off axons which run to the 
optic thalamus (from where new fibres extend to the cerebral cortex), while 
axons of other cells of the cerebellar nuclei enter the red nuclei, the olive 
and the vestibular nucleus of the medulla oblongata; the axons of the cells 
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of the red nucleus, olives and vestibular nucleus descend to the spinal cord 
along the rubrospinal (Monakow), olivospinal and vestibulospinal tracts and 
act on the motoneurons of the anterior horns. 

These connections of the cerebellum suggest the idea that the function 
of its cortex consists in reflex action on the motoneurons (through the 
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Fig. 254. Counections of cerebellum. 
Pathways conducting impulses to corebelluin wre indieated hy solid lines. Fibroa extonding to eerebollur 
1, 2, d—-from spinal cord; J@—from temporal lobo of ecrebral cortex; J- from hemispheres of cerobellu 
on opposite side. Fibros transmitting impulses from eercbollum arc indientod by broken linos; Y and 9, 
pathwaya to cerebral cortex via thalamus opticus; 6—-pathways to rod nuclyus and thenee to spinal co: 
by way of Monakow's tract (7); 4 pathways from ecrebellum to vestibular nucloua (N. v.) and then 
along vestibulospinal tract (6) to spinal cord; 42 pathways to opposito hemisphere of cerehollur 
43 fibres from cortex of cerebellum to its nuclei; 74 nucleus dentatus; 15 nucleus fastigii. 

1, 11 and TIT superior, middle and inferior peduncles of cerebellum. 
N.v. vestibular nuclena; N. G. U.---nuelei of Goll and Burdach; N.C -nuclei of Clarke's column (afford 
fibres from roeeptors of skeletal musclos and tendons fond up to its enlin); 4 -Abres of vestibular nerv 

Pons > nuclei of the pons; G. 4.---spiral gunglion (after Hest and Taylor). 
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nuclei of the cerebellum and the red nuclei) in response to stimuli coming 
to the cerebellum from the receptors of the muscles. The cerebellum per- 
forms its functions in connection with motor impulses arising in the cere- 
bral cortex. This is testified to by the existence of connections between the 
neocerebellum and the cerebral cortex. The above supposition is, in general, 
supported by experiments and clinical data; when considering them, it is 
always necessary to distinguish between the paleocerebellum and the neo- 
cerebellum. 

Functions of cerebellum. Removal of the cerebellum leads to very specific 
derangements in the coordination of movements (ataxia), characterized 
by a disproportion between the intensity of contraction of various muscle 
groups and the nature of the movements performed: in walking the legs are 





Fig. 255. Tension of extensor musclos in the dog deprived of cerebellum, 
Pictures 3 and 4 show increased tone during stimulation of foot (after 
Rademacher). 


raised high and placed wide apart; large swinging movements of the limbs 
and head are also observed; for example, before putting its snout into the 
food receptacle the dog lowers and raises its head several times. Injuries 
to the neocerebellum reduce the muscle tone in monkeys and man (atonia), 
animals become easily fatigued (asthenia—loss of strength). 

The functions of various parts of the cerebellum in higher animals differ. 
Extirpation of the paleocerebellum (nodulus and flocculus) results in a loss 
of body equilibrium similar to that produced by injuries to the labyrinths. 
Removal of the anterior lobes of the cerebellum increases the tone of the 
extensor muscles and intensifies the tendon reflexes (Fig. 255). Under decer- 
ebrate rigidity stimulation of the anterior lobes of the cerebellum sharply 
lowers the tone of the extensors, whereas removal of the cerebellum inten- 
sifies decerebrate rigidity (Fig. 255). 
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Stimulation of the culmen decreases the extensor tone of the fore limbs; stimulation 
of the lobus centralis, that of the hind limbs; and stimulation of the lobus simplex. 
that of the muscles of the neck. In the lingula there is, apparently, a projection of 
labyrinth fibres; stimulation of this anterior part of the cerebellum inhibits the laby- 
rinth reflexes. 

Studies on monkeys have shown that the culancous and auditory analysers are 
represented in the cerebellum, since tactile stimulation of the skin modifies the elec- 
trical activity in the lobulus paramedianus, and acoustic stimulation influences the 
nature of bio-clectric currents in the vermis. Stimulation of the skin of various parts 
ol the body leads to alterations in the bio-electric currents in different parts of the 
cerebellar cortex (Fig. 256). 

Electrical phenomena in the cerebellar cortex also change when the cerebral cortcx 
is stimulated (Adrian). Stimulation of various sections of the motor zone of the cerc- 
bral cortex shows changes in the clectrical 
activity of the same sections of the cere- 
bellar cortex in which action currents 
arise in response to the stimulation of the 
paws and muzzle (Fig. 256). 

The connections between the cercbellum 
and the cerebral cortex are bilateral—from 
the cerebellum to the cerebral cortex, and 
from the latter to the cerebellum (through 
the pons, thalamus, and, probably, also the 
nuclei of the fore- and midbrain). These 
connections are characteristic of the neo- 
cerebellum. It is probable that impairment 
of these connections deranges the complex 
motor reflex acts in injuries to the cerc- 
bellum. In the latter case oscillatory move- 
ments of the head and limbs are observed: 
a patient with a cerebellar lesion finds it 
difficult to bring a spoon to his mouth; 
when his hand holding the spoon comes 
about half-way to the mouth, it begins to 
move in the opposite direction. A move- 
ment. once started, cannot be stopped, i.c.. 
Fig. 256. Localization of functions in inhibited, which in the terminology of the 

cerebellar cortex. theory of conditioned reflexes (actually not 
Circles, cron nnd squares on jeft ndicata ser- yet applied to the analysis of cerebellar 
fiona of cerebellum whero action eurcents mani- lesions) means pathological inertness of the 
feat. thomaclves during stimulation of the hind. excitatory process in the motor analyser 
and forelegs and surface of monkey's face; game Of the cerebral cortex. 
symbols on right indicate sections of cerebral Disorders caused by cerebellar lesions 
cortex (preeentral convolution), whose stimuls- gre gradually compensated, this compen- 
tion likewise produces netion currents in sections sation fully depending on the activity of 
of cerebellum having analogous symbols (after the “cerebral cortex. Man h fter 
Adrian, from Fulton's book). eo $ y months a ter 
removal of the cerebellum, the dog deprived 
of the cerebral cortex walks as clumsily 
with its legs wide apart, keeps balance with as much difficulty and moves with as 
much coarse tremor as in the first days after extirpation of the cerebellum (E. Asra- 
tyan). 

While stimulating the cercbellum and after its removal L. Orbeli and his collabo- 
rators discovered a number of changes in the functioning of the internal organs. The 
mechanism of cerebellar participation in regulating the activity of the internal organs 
is not clear as yet. 





Functions of Nuclei of Hypothalamic Region 


The hypothalamic region (hypothalamus) consists of the nervous struc- 
tures of the diencephalon separated by a small fissure from the optic thala- 
mus and is made up (Fig. 257) of a number of nuclei (nucl. paraventricula- 
ris, nucl. supraopticus, tuber cinereum, copr. mammillaria, etc.). 

Impulses from receptors enter the nuclei of the hypothalamic region 
mainly from the thalamus, through which fibres from the olfactory, pre- 
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motor and motor zones of the cerebral cortex, and, probably, from its other 
zones, pass to the hypothalamic region. Before reaching the hypothalamic 
region these fibres extending from the cortex are interrupted at the cell 
bodies of the neurons of the globus pallidus and the thalamus; the axons of 
the neurons of the globus pallidus and thalamus enter different nuclei of 
the hypothalamus (Fig. 257). There may be direct connections between 
these nuclei and the cerebral cortex, particularly between these nuclei 
and the phylogenctically oldest part of the cerebral cortex—the olfactory 
lobes. 

Fibres emerging from the nuclei of the hypothalamic region descend to 
the midbrain, medulla oblongata and spinal cord, terminating on cells 
whose axons form preganglionic fibres of the vegetative nervous system. 


Comm, ant. 











N. hypoth. dors. and med. 
w. paraventricularis 
æ. praeoplicus 


N. Supraoplicus 


Salk of lhe 
N. hypotat. post. bypaphys!s 
N. hypotat. 
vent. med. 


Fig. 257. Nuclei of hypothalamic region (diagram). 
Arrows indicate connections of this region; 2 aseending pathways from 
corpora mamunilaria to optie thalamus (bundle of Vieq d’Azyr); 2— path- 
ways descending to hypothalamic nuclei from optic thalamus connected 
with cerebral cortex by fibres (7); 3. conjectural tibres extending from 
cerebral cortex direct’ to hypothalamic region; 5—tract from supraoptic 
nucleus to hypophysis: 6- fibras descending from hypothalamie region 
to spinal cord (tract of Karplus and Kridl), to nuclei of the tectum and 
powibly, to modulla oblongata. 


Fibres issuing from the supraoptic nucleus innervate the posterior lobe of 
the hypophysis entering it by way of the supraoptic tract which runs in the 
stalk of the hypophysis above the decussation of the optic nerves. 

From the characteristics of the morphological connections of the hypo- 
thalamic region it follows that its nuclei may be stimulated by impulses 
coming both from the thalamus and the cerebral cortex. Impulses arising 
in the hypothalamic nuclei act upon the neurons of the vegetative nervous 
system. Reflex acts, involving the organs innervated by the vegetative nerv- 
ous system consequently also involve the nuclei of the hypothalamic 
region, which is an intermediate link between the optic thalamus and the 
cerebral cortex, on the one hand, and the vegetative nervous system (its 
preganglionic neurons), on the other. 


Stimulation of the hypothalamic region provokes reactions of the vegetative system. 
Stimulation of the posterior and lateral nuclei of the hypothalamic region produces 
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reactions involving the sympathetic nervous system (dilation of the pupils, erection of 
the hair due to pilomotor contraction, increase in blood pressure, acceleration of the 
heart-beat, inhibition of the movements of the intestinal tract), whereas stimulation of 
the tuber cinereum—nucleus of the anterior part of the hypothalamic region—leads 
to effects arising during excitation of the parasympathetic neurons. 

Destruction of the nuclei of the hypothalamic region deranges thermoregulation 
and water metabolism, since the former requires the integrity of the tuber cinereum, 
and the latter that of the supraoptic nucleus. Changes in carbohydrate and water 
metabolism were observed as a result of the destruction or stimulation of the hypo- 
thalamic nuclei. 

The hypothalamic region is closely connected with the hypophysis morphologically 
and functionally which is particularly manifest in the regulation of water and salt 
metabolism. Transection of tractus supraopticus, the nervous pathway which con- 
nects the hypothalamic region with the posterior lobe of the hypophysis, leads to dia- 
betes insipidus (or polyuria). Normally the conditioned and unconditioned reflexes of 
the kidneys, apparently, always involve the supraoptic nucleus of the hypothalamic 
region, whose cfferent neurons innervate the hypophysis, thus regulating the secre- 
tion of the antidiuretic hormone (p. 433). Secretion of this hormone into the blood 
aiminishes when water is introduced into the organism and increases in water defi- 
ciency. 

It is possible that the nerve cells of nucl. supraopticus and nucl. paraventricularis 
also perform secretory functions, since they contain granules resembling those in the 
secretion of glandular cells. These nerve (or, as it were, nervous-glandular) cells 
probably sccrete hormonal substances into the cerebrospinal fluid or the blood. 


Some researchers assert that the hypothalamic region has special centres 
for fat, water, carbohydrate and salt metabolism, a centre of “sex func- 
tions,” centres of heat loss and heat production, a hypothalamic centre of 
vascular reactions, etc. This conception is incompatible with the idea of the 
centres of various functions as an interconnected complex of ncurons of 
different divisions of the brain, which are united into a centre regulating 
the normal course of integral complex reflex acis by the temporary con- 
nections elaborated in the cerebral cortex. The hypothalamic nuclei are not 
autonomous regulators of the functions of the vegetative system. The ac- 
tivity of these nuclei transmits to the efferent neurons of the vegetative 
system the impulses arising with the participation of the cerebral cortex, 
the thalamic and striopallidal systems in response to stimulations coming 
from receptors. 


Theoretically it cannot be doubted that the hypothalamic nuclei do nol merely 
transmit impulses to the vegetative neurons directly influenced by them; the activity 
of these nuclei must “add” something to the impulses coming to them from the higher 
divisions of the brain, These impulses may be extinguished in the hypothalamic 
region or, on the contrary, may evoke processes increasing their effectiveness. There is no 
experimental material on this question as yet. Nor are there any data making it pos- 
sible to distinguish the influence of the impulses coming to the hypothalamus directly 
from the cerebral cortex from those coming from the cortex via the thalamus and 
the striopallidal system and those transmitted from the thalamus and the striopallidal 
system directly to the hypothalamic region without involving the cerebral cortex. It 
is only known that in infants, whose cerebral cortex is not yet fully developed, the 
functioning of the hypothalamic nuclei directly depends on the thalamic and strio- 
pallidal neurons. It is likewise obvious that the influences of the cerebral cortex (aris- 
ing in it in response to all impulses from the receptors) continuously affect the excit- 
ability of the hypothalamic nuclei. 


An important role in the development of sleep was attributed to the ac- 
tivity of the hypothalamic nuclei. It is true that immediate sleep can 
be evoked by stimulating the structures situated in the hypothalamic 
region with an electric current through implanted electrodes (Hess, 
Tonkikh). There is no reason, however, to speak of any centre of sleep 
(see p. 636). 
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The so-called emotional reactions, in which certain complexes of motor 
acts involve considerable changes in cardiac activity, vascular tone, prop- 
erties of the blood, etc., are possible in the absence of the cerebral cortex 
because of the reflex activity of the system of the thalamus, the hypotha- 
lamic nuclei and the striopallidal system. 

The cerebral cortex, which in complex reflex acts stimulates the vege- 
tative neurons through the hypothalamic region, may also exert an inhibi- 
tory influence. After removal of the cerebral cortex even slight, uninjurious 
stimulation evokes violent defensive reflexes accompanicd by marked exci- 
tation of the organs involved in these defensive reactions: the hair is 
erected, the pupils become dilated, the blood pressure and blood sugar in- 
crease, the blood coagulates faster. These defensive reactions, produced in 
decorticated cats and dogs even by uninjurious stimulations, are designated 
(not very happily) as “sham rage.” This “sham rage” is conditioned by the 
intensified reflex activity of the hypothalamic nuclei, liberated from the 
inhibitory influences of the higher centres (W. Cannon, Bard ct al.). 


Some recently obtained data show that the influences, which seem continuously to 
inhibit the reflex activity of the hypothalamic nuclei, come from the phylogenctically 
oldest parts of the cerebral cortex, the so-called olfactory brain (rhinencephalon). 
Refiexes of “sham rage” arise in cats deprived only of the gyrus piriformis, hippo- 
campus, nucl. amygdalae, and of the section of the medial cortical surface situated to 
the anterior of the corpus callosum with the neocortex remaining intact. Contrariwise, 
removal of the neocortex with the aforesaid lobes of the rhinencephalon left intact 
inhibits all defensive reflexes of the cats: to a pinch of the tail or fastening to the 
stand they react with purring and it is uncommonly hard to evoke a defensive reflex 
in them, 


Functions of Thalamus 


The thalamus together with the geniculate bodies and pulvinar are for- 
mations through which influences from all the receptor systems, except the 
olfactory, are transmitted to the cerebral cortex. 

Functionally the region of the thalamus (Fig. 258) includes the thalamus 
proper with three groups of nuclei (anterior, lateral, and medial), the 
metathalamus with the geniculate bodies (corpora geniculata) and the pul- 
vinar. Many subdivisions are distinguished in these formations, they in- 
clude: a) nuclei which project fibres to the hypothalamus and to different 
parts of the thalamus itself; b) nuclei whose cells give off axons ascending 
to the cerebral cortex (fibres of conducting pathways from the spinal cord, 
medulla oblongata and cerebellum, i.e., fibres which transmit to the thala- 
mus impulses running to the central nervous system along the afferent neu- 
rons come up to the cells of these nuclei); c) nuclei performing “associa- 
tive” functions, i.e., nuclei which do not directly receive afferent impulses, 
but are connected with other nuclei of the thalamus and with the cerebral 
cortex. 

The most important structural feature of the thalamus is that the nerve 
fibres of the pathways from all neurons of the spinal cord and medulla 
oblongata, which are in contact with the afferent fibres, terminate in its 
nuclei. 

The nucl. latero-ventralis receives fibres from the nucl. ventralis of the 
cerebellum; the nucl. ventralis post. medialis receives fibres from the nuclei 
of the trigeminal nerve; the nucl. ventralis post. lateralis takes in fibres 
from the spinothalamic tract and fibres extending from Goll’s and Bur- 
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dach’s nuclei. These nuclei of the thalamus project fibres to the cerebral 
cortex. 

Formations known as the metathalamus functionally also relate to the 
nuclei of the thalamus; they include the corp. geniculatum laterale which 
receives fibres from the retina, and the corp. geniculatum mediale receiv- 
ing fibres connected with the auditory neurons. 





Fig. 258. Diagram showing connections of optie thalamus. 


Arabic numerals indicate arcas of cerebral cortex. Roman numerals indicate groups of fibres: connecting 
different parts of brain, Top: acheme of fibres descending to optic thalamus from cortex, pallidal aystom 
and hypothalamic region; Z7 Gbres extending to corpus caudatus (N. e.) from premotor zone of cortex; 
Ja~-from motor zone; IV fibres from corpus caudatus to globus pallidus; J J--—-(ibres from globus pallidus 
to optic thalamus; J/—fibres from cerebrul cortex to optic thalamus, hypothalamic region and nuclei of 
brain ntem. Bottom: scheme of Gbres entoring optic thalamus and fibres omerging from it to eervbral cortex ; 
fibres of apinothalamic tract (LX) and fibres (Xa) transmitting impulses from sensory nuclei of filth, oighth 
and tenth pairs of nerves and from Golla and Burdach'y nuelsi of medulla oblongata; VJ 1J---fibrea from 
lateral geniculate hody to /7th cortical aren; VJ2—-fibres ascending from thalamus to postcontral 
convolution (J, 2, 4) and frontal lobes of brain; N--Gibros oxtending to optic thalamun from hypothalamic 
region; n. o,—nervus opticus (optic nerve). g 


Fibres from the nuclei of the thalamus, which form, as it were, the chief 
subcortical relay station for transmitting impulses from various groups of 
receptors to the cerebral cortex, run to different parts of the cortex, in 
which there is a fairly precise projection of various groups of neurons of 
the thalamus. 


Decorticated dogs, and all the more rabbits and birds, with the thalamus intact, 
can perform complex coordinated acts. Birds are apparently able even to search for 
food; dogs are capable of coordinated reactions to painful stimulations and of execut- 
ing movements of the “play” type (G. Zelyony). 

Decorticated monkeys with the thalamus intact exhibit peculiar tonic reactions. 
The latter depend on the side on which the animal is lying (Fig. 259). The limbs of the 
side of the body on which the animal is lying are extended, while on the opposite side 
they are flexed; the hands of the latter side shows the “grasping” reflex which is 
important in monkeys not only for taking food, but also for climbing. This motor act 
is a postural reflex and arises, as shown in Fig. 259, in response to impulses from the 
skin (and possibly to some extent also from the muscles) caused by the contact of the 
monkey’s body with the surface on which it is lying. In primates the coordination of 
this reflex act, apparently, involves the cerebral cortex. 


We have already seen that the cell bodies of the peripheral afferent neu- 
rons lie in the spinal ganglia and in the ganglia of the cranial nerves. These 
are cells of the first afferent neuron whose axon projects one branch to the 





Fig. 259. Posture of decorticate monkey (with optic thalamus 

and part of pallidal system intact) lying on loft side. Whon animal 

is laid on right side, right extremities are extendod and left. 

extremities flexed. In flexion of right hand ‘‘grasping” reflex 
can be clearly observed (after Fulton). 


receptor and another to the spinal cord or the medulla oblongata within 
which they terminate at some cellular group (at the cells of the posterior 
horns of the spinal cord, of Goll’s and Burdach’s nuclei, of the vestibular 
nucleus, of the tractus solitarius, etc.). The axons of the cells, on whose 
surface the alferent fibres entering the brain terminate, run to the thalamus 
(or cerebellum). Consequently, these axons form ascending pathways ex- 
tending to the thalamus (or cerebellum). The neurons, whose axons enter 
the optic thalamus, may be called the second afferent neurons. The cells of 
the thalamic nuclei give off fibres which reach different parts of the cere- 
bral hemispheres. Thus the thalamus is, so to speak, a collector, where all 
the afferent impulses from the receptors of the organism (except the olfac- 
tory) converge before entering the cerebral cortex. The axons of the thala- 
mic neurons ascending to the cerebral cortex may be called afferent neu- 
rons of the third order (Figs. 258 and 260). 

Consequently, the first afferent neuron is that whose fibre runs from the 
receptor to the spinal cord or medulla oblongata, its cell body lying in the 
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spinal ganglion, or in the ganglion of the cranial nerves. The second affer- 
ent neuron is that whose cell body lies in the spinal cord or medulla oblon- 
gata and comes in contact with afferent fibres from the receptors. The axon 
of this second afferent neuron ends at the nerve cells of the thalamic 
region. The third afferent neuron is that whose cell body lies in the thala- 
mic region and comes in contact with the axon of the second afferent neu- 
ron; the axon of the third afferent neuron ascends to the cerebral cortex. 
More complex connections between the cerebral cortex and the receptors 
are not improbable. 

Each group of fibres, which conduct impulses from certain receptors, ter- 
minates at very definite points of the thalamus. The fibres which extend 
from the corresponding cellular 
groups of the thalamus to the 
cerebral cortex, are not evenly 
dispersed in the cortex, but run to 
more or less definite sections of the 
latter. 

Lesions of the thalamus entail 
severe disorders of reception. These 
lesions are sometimes accompanied 
by attacks of sharp pain (when the 
cells of the thalamus are stimulated) 
and by hyperpathia, but somctimes, 
on the contrary, by loss of sensibility. 


Striopallidal System 


The term “striopallidal system” 
(Fig. 261) covers the basal (sub- 
cortical) ganglia including the nucleus 
caudatus and the nucleus lentiformis. 
The latter consists of two parts— 
the putamen and the globus pal- 
lidus. The nucleus caudatus and 
the putamen are (phylogenetically) 
younger formations and are called 
neostriatum. The remaining part of 
the corpus striatum (globus pallidus) 
is designated as palaeostriatum (pal- 
lidum). The connections of the strio- 
pallidal system are indicated in 
Fig. 260. Diagram of connections between Fig. a0 : 
optic thalamus, afferent neurons and In animals with an undevelop ed 
cerobral cortex. Numerals J, IZ and J47 Cerebral cortex the striopallidal 
designate succession of neurons along system and the thalamus form the 
which afferent impulses from receptors higher division of the central nervous 
pasa (endings of firat ncuron) to cerebral system. 

Gai With the development of the cereb- 

ral cortex, the functions of the strio- 

pallidal system become closely connected with the cortical processes. The 
striopallidal system is then regarded as part of the extrapyramidal system 
involved with the cerebral cortex and the nuclei of the midbrain in the 
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coordination of complex reflex motor acts. Lesions of the nuclei of the 
striopallidal system are accompanied by characteristic disorders of move- 
ments. 





Fig. 261. Extrapyramidal system and connections of pallidal 
system. 

6 and de- areas of premotor and motor zone of cerebral cortex; 7- tibren 

ascending from optie thalamus to cortex; 2 pathway from “inhibitory 

sections” (p. 604) of fourth area to the nuelous eaudatus (N. ecaud.); 

GI. pall- lobus pallidus; C.. corpis tuyni; N, ruber red nucleus; 

San. black subataneo; Fr. formatio retacularia of medulla oblongnie. 


Arrows indicate dircetion and “destination” of impulses, 


Since the functions of the striopallidal system are closely bound up with 
those of the cerebral cortex, mainly its premotor zone, the questions relat- 
ing to this system will be considered later. 


Reflexes on Different Levels of Central Nervous System 


Having considered the functions of various subcortical divisions of the 
central nervous system, we deem it advisable to summarize the above facts 
and to examine the specific features of the reflex activity involving differ- 
ent levels of the brain. 

Spinal reflexes are generally scanty with relatively few combinations in 
the activity of their various effectors. These reflexes are often limited by 
the activity of effectors innervated from the same segments of the spinal 
cord which receive impulses fram receptors, whose stimulation evokes the 
given reflex. They cannot ensure any more or less complete adaptation of 
the organism to the changing external environment. 
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With the inclusion of the medulla oblongata in the reflex activity, the 
Jatter becomes much more complex. The sphere of action of the reflexes is 
now wider than in spinal animals." This leads to such reflexes as vomiting, 
clementary reflex autoregulation of the blood pressure and respiration in 
response to impulses from the receptors of the aorta and the carotid bifur- 
cation, and certain regulation of the tone of the entire motor apparatus 
depending on reflexes evoked from the receptors of the neck muscles and 
labyrinths. The influences exerted by the medulla oblongata on the entire 
spinal cord are manifested in these reflexes. 

With the inclusion of the red nuclei of the midbrain and the phylogenet- 
ically older parls of the cerebellum in the reflex activity of the spinal cord 
and the medulla oblongata, new reflex acts appear, including the recovery 
of a definite posture (standing posture) if it is deranged; more complex 
respiratory activity is also in evidence. 

When the diencephalon (the thalamus and the hypothalamic region) 
comes into play, the reflex activity of the internal organs and its integra- 
tion with the motor reflexes become more complex. Such reflex acts as 
thermoregulation and such reactions as the so-called “sham rage” can now 
be effected. In the latter a number of motor reflexes (showing the claws 
and teeth, biting objects which stimulate the receptors of the skin on the 
head) are combined with reflex changes in the activity of the respiratory 
and cardiovascular systems, with inhibition of the movements of the 
intestines, increase in blood sugar, acceleration of blood coagulation. 
pilomotor contraction, intensification of adrenalin secretion, etc. Com- 
pared with the reflex activity of an animal with only the hindbrain and 
midbrain intact, that of a thalamic animal is much more varied. Finally. 
addition of the functions of the striopallidal system to the activity 
of the diencephalon makes such reflex acts as walking (experiments 
with beasts of prey) possible; decorticated monkeys are unable to walk 
(see Fig. 259). 

Thus with the inclusion of ever higher levels of the central nervous 
system in nervous activity the reflexes become more and more complex 
and modified. In his last work The System of Reflexes on Ascending Levels 
A. Ukhtomsky wrote that the efferent neurons of the spinal cord and med- 
ulla oblongata were “a common executive apparatus for a series of diverse 
reflexes, progressively rising with the inclusion of new higher levels. Ensur- 
ing new reflex utilization of the earlier developed executive apparatus 
through a quantitative transformation of the conditions of its work, depend- 
ing on the increasing number of receptors newly put in operation—such is, 
in general outline, the process...” which characterizes the reflexes on 
ascending levels. With the development of the higher divisions of the brain, 
“ever new adequate factors, to which isolated levels of the spinal cord are 
absolutely indifferent, now have access to the previous common executive 
pathway and are of stimulating significance for it” (i-e., for the terminal 
efferent neurons). Owing to this, “when definite reflexes and reflex arcs 
have already been elaborated on the lower central levels... the higher cen- 
tral level proceeds in its work from these previous, beforehand given, elab- 
orations, utilizing them in more complex reflexes already on new adequate 


* Here we, naturally, mean (as usual when considering experiments performed on 
spinal animals) the reflex activity of the parts of the body connected with the spinal 
cord below the site of its transverse section. 
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occasions, often irrespective of stimuli from the previous receptors of the 
lower levels, and even in spite of them.” 

Consequently, the higher the level of the central nervous system, influ- 
encing the primitive reflex apparatus first of the spinal cord and then of the 
medulla oblongata, the more complex and diverse the interrelations be- 
tween various links of the reflex acts. In the animal with a well-developed 
cerebral cortex, participation of the latter in the reflex activity is indispen- 
sable for the independent existence of the given individual organism, for 
the procurement of food and protection from noxious agents. After removal 
of the cerebral cortex in higher animals, however, the activity of the intact 
parts of the brain ensures accomplishment of a number of such inborn 
reflex acts as are characterized by their biological, adaptive importance for 
the organism. Such complex inborn unconditioned reflexes as are of bio- 
logical significance for the animal as a whole, were regarded by Pavlov as 
instincts. 


Instincts (Complex Unconditioned Reflexes) 


Instincts are complex unconditioned reflexes which determine the inte- 
gral adaptive acts of the organism in responsc to stimulations (or complexes 
of stimulations) of receptors. 

Instincts often manifest themselves as chain reflexes in which consum- 
mation of one link of the reflex act stimulates the receptors to provoking 
the next link of this act. For example, in some animals definite seasonal 
changes in the environment act upon a number of receptors and give rise 
to the sex instinct which after consummation of certain of its links (for 
example, of various vocal and motor reactions) ends in processes leading to 
impregnation. Furthermore, stimulation of the interoceptors connected with 
pregnancy, or with the laying of eggs, in its turn often leads to a complex 
of different reflex acts, for example, to hatching. Similarly, birth of the 
young or hatching evokes new reflex acts of the parents, for example, feed- 
ing the young, etc. 

Changes in the production of hormones by the endocrine glands often 
constitute an important link in the chain of reactions of the integral reflex 
act (for example, sex reflexes, the defensive reflex, hibernation). As reflex 
responses to stimulations of receptors, these changes in the supply of hor- 
mones to the blood, in their turn, influence the functions of various 
effectors. 

As complex unconditioned reflexes instincts form the foundation for the 
conditioned reflexes. All instincts are, therefore, effected (after at leas‘ 
several repetitions by the given individual) as complex reflex acts, which 
also include conditioned reflexes. 

As a result of a corticalization of functions (p. 604), a number of proc- 
esses which in animals with a less developed cerebral cortex occur in the 
diencephalon and forebrain, in the higher mammals pass to the cerebral 
cortex. In higher animals certain formations of the cerebral cortex are 
probably required for the normal development of certain instincts, even 
when they are effected for the first time and have not as yet elaborated 
any conditioned reflexes. This is testified to, for example, by the fact that 
a decorticated dog does not snap at the meat which is lying before it and 
does not exhibit all the reactions required for the reproduction of the 
species. But the normal dog, even if it never before ale any meat and was 
for a long time fed only milk (experiments of Tsitovich, p. 621), will sniff 
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at the meat the first time it is given some and will eat it. It follows that the 
alimentary unconditioned reflex is also disturbed in decorticated higher 
animals. 


Corticalization of Functions 


As the cerebral cortex develops (Fig. 262) the properties and activity of 
the phylogenetically older formations of the central nervous system greatly 
change. The more complex the structure and activity of the cerebral cortex, 
the more it influences the properties 
of all other nervous structures; the 
latter lose the ability to perform 
some of the functions which they per- 
form when the cortex is less developed. 








Fig. 262. Development. of brain mantle. 
Brain: AA- -of fish; 2B of lizard; ('--of rabbit; D -of human being (atter Mdinger). 


This is evident, for example, from comparing the motor acts of various 
species of vertebrates having different lesions of the cerebral hemispheres. 
The frog with the cerebral hemispheres removed (amphibians have no cere- 
bral cortex) at first sight hardly differs from the normal frog. But the dog, 
with completely bilaterally extirpated cerebral hemispheres and midbrain, 
is a totally unfit organism. It can neither move nor maintain a constant body 
temperaturc; it scarcely shows any alimentary reactions. After removal of 
the forebrain and diencephalon, however, dogs and cats are capable of 
reflex regulation of the muscle tone when changing the position of the head 
and body in space, and of exhibiting righting reflexes. In apes and human 
beings the exclusion of the cortex of the cerebral hemispheres entails a loss of 
the righting reflexes. Furthermore, in the lower mammals (rodents) condi- 
tioned reflexes, according to certain data, can be elaborated even in the 
absence of the cerebral cortex; but in dogs and, of course, in monkeys and 
man this is impossible. 

It follows that as the ccrebral cortex progressively develops it takes over 
—in a perfected and modified form—the functions performed more primi- 
tively by the lower divisions of the central nervous system with an undevel- 
oped cerebral cortex. This taking over by the cerebral cortex of certain 
functions performed at earlier stages of phylogenetic development by the 
lower divisions of the central nervous system is called corticalization of 
functions. 
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C. ACTIVITY OF CEREBRAL CORTEX 
CHAPTER 60 


GENERAL CHARACTERISTICS OF CONDITIONED REFLEXES 
AND COUPLING ACTIVITY OF CEREBRAL CORTEX 


Decorticated animals (we imply here higher mammals) possess only 
unconditioned reflexes. The number of these reflexes is relatively small, and 
provide for scanty reflex acts, stereotypically repeated in response to a 
limited number of stimuli which evoke them. But the activity of an intact 
organism can be balanced with the constantly changing environment only 
by lifelong elaboration of new reflex acts, which ensures its adaptation. 
These new reflex acts—conditioned reflexes—are formed in the higher 
mammals by the activity of the cerebral cortex. Thus, the activity of the 
cerebral cortex is conditioned reflex activity. 


Elaboration of Conditioned Reflexes 


Conditioned reflexes are elaborated in the course of the individual’s life 
by formation of temporary nervous connections in the most reactive struc- 
tures of the central nervous system (in higher animals it is the cerebral 
cortex). 

The following concrete example will serve to elucidate the earlier con- 
sidered mechanism by which conditioned reflexes are elaborated. 

If—as already practised in Pavlov’s first classical experiments devoted 
to the study of conditioned reflexes—we use an acoustic stimulus (for 
example, the beat of a metronome), or an optic stimulus (for example, the 
flash of an electric bulb), or any other stimulus which was never used dur- 
ing or before feeding the animal, this agent, stimulating the receptors of 
the animal, will not evoke any alimentary reaction, such as licking the lips 
or secretion of saliva. In this case only the orienting reflex (p. 607) will 
manifest itself. But if the same agent, i.e., the beat of a metronome, or the 
flash of an electric bulb, is used several times before feeding, the animal 
soon begins to react to it, just as it reacts to stimulation by food: during the 
action of this agent the animal turns its head in the direction from where 
the food is given; it begins to lick its lips and salivate. This is the result of 
the elaboration of an alimentary conditioned reflex. 

Here is another example. A rather strong electric current is applied to the paw cf 
a dog for one or two seconds, The dog jerks the paw away, tries to jump off the stand, 
whines, tosses about the stand, etc. This is an unconditioned motor defensive reflex 
observed in any animal when noxious stimuli act upon its receptors. No other 
agents, besides noxious ones, evoke this inborn reflex. But if, for example, 
the sound of a whistle is accompanied by the action of an electric current 
on the dopg’s paw, after several such combinations the dog will react to the sound of 
the whistle alone with the same defensive reflex as to the stimulation of the paw by 
an electric current: it will jerk the paw away, bark, toss about the stand, etc. In some 


cases this reaction appears very rapidly—after one or two combinations of the sound 
of a bell with the application of a noxious stimulus. 


Conditioned stimuli, unconditioned stimuli and reinforcement of condi- 
tioned reflexes. The stimulus (agent) evoking a conditioned reflex is called 
a conditioned stimulus," while the agent evoking an unconditioned reflex 


 * The term “conditioned stimulus” is also applied to an agent which as a result of 


its first reinforcements by an unconditioned stimulus only begins to turn into an 
agent of a conditioned reflex, but does not yet evoke it. 
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is designated as an unconditioned stimulus. The application of an uncon- 
ditioned stimulus in combination with a conditioned stimulus is called rein- 
forcement cf the conditioned stimulus or the conditioned reflex (sometimes 
it is also designated as a combination of a conditioned stimulus with a rein- 
forcing agent). 

Dependence of nature of conditioned reflexes on reinforcing stimulation. 
The reaction of effectors resulting from a conditioned reflex is determined 
by the nature of the unconditioned reflex which reinforces it. lf, for cxam- 
ple, the sound of a whistle is reinforced by feeding and not by a painful 
electrocutaneous stimulation the whistle will evoke an alimentary rather 
than a defensive conditioned reflex. But the sound of the whistle reinforced 
by the introduction of acid into the dog’s mouth will elaborate a defensive 
secretory conditioned reflex to the whistle. In the first case the sound of 
the whistle will evoke a secretion of saliva rich in organic and poor in 
inorganic substances; in the second case the saliva will contain more salts 
than organic compounds. The sound of the whistle reinforced by introduc- 
tion of water into the stomach, will cause a conditioned reflex increase in 
the production of urinc. The sound of the whistle accompanied by inhala- 
tion of carbonic acid will lead to a respiratory conditioned reflex, intensi- 
fied pulmonary ventilation; but accompanied by the action of light on the 
eye, it will constrict the pupil. There are as many examples as there are 
reactions involving the central nervous system. 

The nature of the conditioned reflexes in no way depends on the stimuli 
by which they are evoked, or on the kind of receptors to which the stimu- 
lus has been applied; it depends solely on the unconditioned reflex rein- 
forcing the given conditioned stimulus. This is the principal difference be- 
tween conditioned and unconditioned reflexes; the nature of the latter is 
determined by the receptive field (different for each unconditioned reflex) 
from which the given unconditioned reflex has been evoked. 

Possibility of elaborating conditioned reflexes to all physiological func- 
tions. Conditioned reflexes can be elaborated to any function of the organ- 
ism; this was what Pavlov meant when he stated that the cerebral cortex 
had control over the entire organism, and when he demonstrated the possi- 
bility of elaborating conditioned reflexes to the activity of the digestive 
glands and skeletal muscles. Developing Pavlov’s views, K. Bykov showed 
that all the functions of the organism depended on influences of the cere- 
bral cortex resulting from elaboration of conditioned reflexes. 

Examples illustrating the elaboration of conditioned reflexes lo diverse 
functions of the organism were given earlier and corresponding data were 
presented in the discussion of all functions of the organism. It will be ob- 
served that conditioned refiexes can be elaborated to the activity of all 
digestive glands, to the movements of the spleen and intestines, to the work 
of the kidneys, to diverse changes in the activity of the cardiovascular 
system, respiration and endocrine glands, to changes in the composition of 
the blood and its various corpuscles, in the permeability of the intestinal 
epithelium and in the processes of general and intermediate metabolism, to 
any kind of muscular activity, to changes in the sensitivity of receptors, etc. 

Agents transformed into conditioned stimuli. Stimulation of any recep- 
tor, if it is strong enough to evoke excitation in the afferent nerve fibres, 
can be transformed into a conditioned stimulus. 

Agents of the external environment which never before evoked any 
noticeable reflex responses, are very often transformed into conditioned 
stimuli (by means of corresponding reinforcement). Such stimuli are des- 
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ignated as indifferent agents or indifferent stimuli. Actually, however, they 
are not totally indifferent, since they provoke excitation in those neurons 
of the central nervous system to which the excitation from the stimulated 
receptors is directed, and since their initial action produces the so-called 
orienting reflex. 

Orienting reflex. Each stimulation, which previously did not affect the 
animal and which evokes no other unconditioned reflex, resulted in what 
Pavlov often called the ‘“what-is-it?”’ reflex. This reflex manifests itself, 
tor example, in the fact that the animal orientates its head and its auricles 
towards the source of stimulation, approaches the stimulating agent and 
sniffs at it. 

If the stimulation evoking the orienting reflex is frequently repeated, the 
reflex gradually weakens and disappears. Disappearance of the orienting 
reflex in no way depends on the fact that the stimulus by which it is evoked 
has ceased to act upon the receptors and nerve centres; the effect produced 
by indiffercnt stimuli disappears because a process of inhibition develops 
in the cerebral cortex after repealed applications of the indifferent agent. 
(Chapter 61). This is proved by the fact that in the dog deprived of the 
cerebral hemispheres the orienting reflex does not disappear, however often 
the stimulation is repeated. 

Significance of definite correlations between time of action of conditioned 
and unconditioned stimuli. A definite correlation between the time of action 
of the conditioned stimulus and that of the unconditioned (or another con- 
ditioned) stimulus which reinforces it, is the principal prerequisite for the 
claboration of a conditioned reflex (the strength of these stimuli will be 
dealt with on page 620). It has been found that conditioned reflexes are 
elaborated rapidly and become stable when the conditioned stimulus some- 
what precedes the unconditioned stimulus. If the conditioned stimulus 
begins to act simultaneously with an unconditioned stimulus, or joins the 
latter during its action, the elaboration of conditioned reflexes is impeded, 
and the elaborated reflexes are easily inhibited. But if the isolated action 
of a conditioned stimulus lasts for a relatively long time before it is joined 
by the action of an unconditioned stimulus the conditioned reflex is re- 
tarded (p. 631). 

The signalling property of the conditioned stimuli (p. 619) manifests itself 
in the fact that stable conditioned reflexes can be elaborated only when the 
conditioned stimulus precedes the unconditioned stimulus. 


It will be observed that the question of the significance of certain correlations 
between the time of action of conditioned and unconditioned stimuli has been expcri- 
mentally well investigated only with regard to alimentary conditioned refiexcs. It is 
probable that these correlations will be somewhat different for other reflexes, ir 
particular, for reflexes requiring a very long time (for example, reflex changes in 
metabolism under the action of different temperatures). It is possible that in some 
eases Stable conditioned reflexes may be formed even if the conditioncd stimulus acts 
during effectuation of the unconditioned reflex. It should also be remembered that 
elaboration of conditioned reflexcs to time (p. 625) makes it possible to elaborate 
conditioned reflexes to agents, which are separated by a long interval from the 
moment of their rcinforcement by an unconditioned reflex. 


Method of Studying Conditioned Reflexes 
The processes developing in the central nervous system itself in the 


course of each reflex act are as yet almost inaccessible to direct observation. 
The reflex activity of the central nervous system is, therefore, judged 
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mainly by the reactions of various organs (effectors) which it determines. This 
requires as precise a record of the reflex reactions as possible and an accurate 
estimation of the stimulation of receptors which evokes these reactions. 
Conditioned reflexes can be studied best when the conditioned effect is 
strictly delimited from the effect of the unconditioned stimulus. Further- 
more, it is necessary that the function, taken as an indicator of the condi- 
tioned reflex activity, be measured and that the changes, evoked by the 
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Fig. 263. Recording salivary socretion and experimenting with conditioned refloxcs. 

Dog ia separated from experimenter; without enterin mber where dog is placed oxperimenter ca: 

bring into action various stimulating agents (metronome beat. sound of bell, flash of light, cte.). Diagrar 

shows simple set. for recording secretion of saliva whieh moves along tube «£ fastened to sealy. In tul 

«1 liquid is displaced by air which, in its turn, is displucec from glasa 7? by saliva coming into it fror. 

little bulb fixed at point where duct of parotid gland in bre ighi. out to surface of check (after N. Podk 
payev, with modifica 


conditioned reflexes in the given function, rapidly disappear. It is also 
important that the study of the function, which serves as an indicator of 
the conditioned reflex activity, be easily conducted without deranging the 
normal state of the organism. Finally, it is highly desirable that the con- 
ditioned reflex itself and, consequently, the unconditioned reflex by which 
it is reinforced, be absolutely normal reflex acts of the animal. The function 
of the organism chosen by Pavlov for the study of conditioned reflexes, 
namely the secretion of the salivary gland, fully complied with all these 
requirements, 

The salivary gland was investigated by Pavlov in every detail. No other stimuli 
besides the nervous impulses reflexly arising from the taste receptors in response to 
their stimulation can normally evoke the secretion of saliva. Salivation usually stops 
in one to three minutes after eating. This makes it possible to carry out a series of 
tests of the conditioned reflex during one experiment, reinforcing it each time by an 
unconditioned stimulus, 

In the absence of an unconditioned stimulus (i.e., without stimulation of 
the receptors in the oral cavity*) the secretion of each drop of saliva is due 


* Slight unconditioned salivation in response to “painful” stimulation is also 
obseived in dogs, who always lick the injured areas of the body. 
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only to conditioned reflexes. The amount of saliva secreted under isolated 
action of conditioned stimuli can therefore be regarded as an indicator of 
the intensity of the conditioned refler. 

To ascertain the values of the conditioned (and unconditioned) salivary 
reflexes the movement of the fluid is measured (Fig. 263) in a horizontally 
fixed graduated tube (manometcr). This tube is hermetically connected 
with a bulb adjusted to the cheek of the 
animal where the end of the salivary 
duct is brought out to the exterior. Auto- 
matic graphic recording of salivary secre- 
lion is also frequently used. 

To estimate the value of the conditioned 
reflex it is necessary to measure its 
intensity only during the isolated action 
of the conditioned stimulus, i.e., before 
the reinforcing unconditioned stimulus is 
added. 


In Pavlov's laboratories the value of the con- 
ditioned salivary reflex was usually determined 
in 15 to 30 seconds of isolated action of the 
conditioned stimulus. In these experiments the 
animal is given food in the last second of the 
action of the conditioned stimulus and the action 
of the latter is usually not terminated immedi- 
ately, i.c., not at the moment of its reinforcement 
by the unconditioned stimulus. Definite portions 
of food are most frequently used for reinforce- 
ment; it is usually dricd bread powder or meat 
and powdered dry bread moistened with water. 
Sometimes instead of food reinforcement acid 
is introduced into the animal's mouth evoking 
profuse salivation, i.e. the defensive “acid” 
reflex. In addition to measuring the salivary 
conditioned reflex, the experimenter observes Pig. 264. Tower of silence,” building 
and records the motor reaction of the animal. with sound-proof chambers for stud- 
The value of the unconditioned salivary reflex ying conditioned reflexes designe 





is also strictly ascertained. by L Pavlov and Y. Crampke (erected 
at Institute of Experimental Medicine 
As before stated, not only salivary in Leningrad). 


reflexes may be used in investigating 

conditioned reflex activity. Various motor reflexes arc also frequently used 
for this purpose. They are elaborated by the method of pain reinforcement 
through stimulating the skin of one of the extremities by electric current, 
or also by food reinforcement. In a number of cases it is expedient to in- 
vestigate the vascular and other conditioned reflexes. 

To study the higher nervous activity under comparatively simple con- 
ditions, it is often important to limit as much as possible the action of all 
stimuli on the animal, except those intentionally applied by the experimen- 
ter during the experiment. This is achieved by placing the animal in a spe- 
cial sound-proof chamber (Figs. 264 and 265) isolated from extraneous 
sounds, smells, optic stimuli, vibrations, etc.; the chamber is equipped with 
special apparatus allowing application of various dosed stimulations to the 
receptors al any time. Air or water transmission [rom a bulb attached to 
the fistula of the salivary duct (Fig. 263) enables the experimenter to record 
the secretion of saliva without entcring the chamber. A food receptacle 
fixed in the stand and automatically sliding in and out makes it possible to 
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feed the animal any time. By connecting the limbs, head, jaw, or thorax of 
the animal with recording levers by air or mechanical transmission it is 
possible to obtain records of certain motor reactions and of respiration. A 
special device enables the investigator to record the secretion of saliva 
automatically (Fig. 266). 


Characteristics of Temporary Connections 


Reflex arcs of conditioned reflexes. In higher animals and man formation 
and effectuation of conditioned reflexes necessarily involve the cerebral 
cortex. If the cortex of both cerebral hemispheres of the dog is completely 





Fig. 265. Sound-proof chamber. Control panel on loft. 


removed, all previously acquired conditioned reflexes disappear and no 
new reflexes can be elaborated. The decorticated dog does not take food 
without assistance: it does not react to the appearance of its master, to being 
called by name, or to dogs of 
the opposite sex; in walking 
it stumbles on the things in its 
way. All this is a result of the 
disappearance of conditioned 
reflexes as represented by acts 
Fig. 266. Record of salivary secretion under ae- Of normal behaviour. It follows 
tion of conditioned (mark Af) and unconditioned that the reflex arcs of condi- 
(mark reinforced) stimulus (read from right to tioned reflexes in higher anim- 
left) (after N. Podkopayev). als invariably include neurons 
of the cerebral cortex. 

Concept of analysers. Fig. 267 helps to understand how the reflex arcs of 
conditioned reflexes are formed; it shows that impulses caused by stimula- 
tion of various groups of receptors are directed to different nerve cells of 
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the cerebral cortex. Initially impulses from each group of receptors evoke 
reactions only of definite cortical neurons which are in synaptic junction 
with the axons of the conductive systems that connect the cerebral cortex 
with the various groups of receptors. Excitation evoked by stimulation of 
each receptor in definite cortical cells can be transmitted to any neurons of 
the cortex along the pathways by which all the cells of the cortex are in- 
{erconnected. 

The system of nervous formations, through whose activity stimulations 
from the external and internal environment can evoke different reflexes. 
was designated by Pavlov as analysers.* 

Each analyser (Fig. 267) includes, first of all, the peripheral division, i.c., 
the receptors, in which the energy of the stimulating agent is transformed 
into energy of nervous excitation. Normally, each group of receptors is 
excited only by a definite group of agents to which the given receptors arc: 
particularly sensitive (for example, only light or sound waves, mechanical 
stimulation, etc.). Furthermore, each analyser (Fig. 267) includes neurons 
conducting excitation from its receptors to the cerebral cortex. This is the 
conductive division of each analyser. It contains the afferent nerve fibres 
and nerve cells of the spinal cord, medulla oblongata and diencephalon, 
whose axons conduct impulses evoked by stimulation of the receptors io 
the cerebral cortex. 

The last and higher division of each analyser is formed by the structures 
of the cerebral cortex. It includes all the cortical cells acted upon by the 
nervous impulses caused by the stimulation of the peripheral division of 
each analyser (i.e., receptors) and transmitted to the cortex by way of its 
conductive division. 

Analysers are distinguished either according to the kind of receptors 
which constitute their peripheral division or the agent by which they are 
stimulated. Correspondingly, there are cortical divisions of the visual (or 
light), auditory (or sound) olfactory, taste, cutaneous (including tactile. 
pain and thermal), internal (or interoceptive), and muscular (or motor) ana- 
lysers. 

The action of each conditioned stimulus excites the cortical division of 
the analyser on whose peripheral part this stimulus acts. This takes place 
both when the conditioned reflex has already been elaborated, and when it 
is still absent, i.e., when the given agent is not yet connected with any 
reflex activity of the organism. 

Reflex activity is possible only when impulses arising in the central 
nervous system in response to stimulation of the receptors are conducted to 
the cffector organs by which this activity is accomplished. The efferent 
fibres directly innervating various organs of the body extend from the 
nerve cells situated in the medulla oblongata and the spinal cord. It follows 
that a conditioned reflex is elaborated when coupling in the cerebral cortex 
transmits excitation from the cortical cells acted upon by the conditioned 
stimulus to the efferent neurons, and through them to the effectors which 
accomplish this reflex. 


* As shown in greater detail later, the phenomena of cortical analysis are 
inseparably connected with the phenomena of cortical synthesis (p. 642) which 
develops in the same formations of the cerebral cortex. Each group of receptors 
roughly analyses the agents acting from the external and internal environment by 
its specific sensitivity to certain kinds of stimuli because of the activity of the lower 
divisions of the central nervous system. But higher analysis is attained only through 
the functions of the cerebral cortex, which contains cortical divisions of all analysers. 
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Cortical coupling. Elaboration of a temporary connection can be illustrat- 
ed by the following example. The beats of a metronome excite certain cells 
of the cortical division of the auditory analyser (Fig. 268, 3). Prior to elabora- 
tion of a conditioned reflex excitation of these cells never evoked any ali- 
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Fig. 267. Diagram roughly illustrating structure of analysers. 
L-7 ceveptors (visual, auditory, cutaneous, olfactory. tanie, of motor apparatus, and of internal organa). 
T region of spinal cord or medulla oblongata receiving afferent fibres (.1), from which impulses are con- 
dueted to neurons situated here and forming ascending pathways; axons of latter extend to region of optic 
thalamus (11): axons of nerve cells of optie thalamus ascend to cerchral cortex (F11). Disposition of 
nuclear parts of cortical divisions of various analysers is shown above (1/2) (with regard to interoceptive, 
taste and olfactory analyser this disposition has not yet been exactly eateblivbed); dispersed cella of exch 
analyser situated all over cerebral cortex are also indicated. 
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mentary reflexes, since it was not transmitted from the cells of the cortical 
division of the auditory analyser to the neurons innervating the effectors 
of the alimentary reflex act, i.e., salivary glands, stomach, masticatory mus- 
cles, elc. But after elaboration of an alimentary conditioned reflex to the 
beats of a metronome, excitation of corresponding cells of the auditory 
analyser evokes the same effect as direct alimentary stimulation. 
Consequently, claboration of a conditioned reflex requires, according to 
Pavlov, coupling in the cerebral cortex of a new nervous pathway, along 
which excitation from the cortical cells acted upon by the conditioned 
stimulus, in the end, reaches the neurons innervating the organs by which 
the given reflex is effected. 

To comprehend the mechanism of cortical coupling, it is necessary to 
consider in greater detail the mechanism underlying unconditioned reflexes. 
It is hardly doubted that the accomplishment of any unconditioned reflex is 
connected with excitation of certain groups of cells in the cerebral cortex* 
(this is testified to by the possibility of elaborating conditioned reflexes to 
any unconditioned reflex). Consequently, during any unconditioned reflex 
nervous impulses produced by stimulation of receptors invariably act on 
the structures of the cerebral cortex which constitute the cortical division 
(brain end) of the analyser from whose receptors the given reflex is evoked. 


It will be observed that cach unconditioned reflex, constantly repeated in the course 
of individual life, becomes, as it were, overgrown with a number of natural conditioned 
reflexes connected with it and claborated to agents usually acting during the accom- 
plisbment of the unconditioned reflex. Unconditioned reflexes are, therefore, complex 
reflex ucts, ie. conditioned-unconditioned reflexes. Owing to this. when an uncon- 
dilioned reflex is being effected, not only those cells of the cerebral cortex become 
excited, to which the impulses of the unconditioned stimulus itself are directed, but 
also the cortical structures which are stimulated by natural conditioned stimuli, con- 
stantly acting simultaneously with the unconditioned stimuli. 


During the accomplishment of each unconditioned reflex. as has just. been 
shown, those cells of the cerebral cortex become excited** which are acted 
upon by the unconditioned stimulus. If this coincides in time with the 
excitation of other cortical cells stimulated by the action of conditioned 
stimuli, the latter are coupled cortically with the cortical representation of 
the unconditioned reflex. 

A new nervous connection arises, a new nervous pathway connecting the 
cortical cells which react to the conditioned stimulus with the cortical cells 
acted upon by unconditioned stimulation and projecting conductors to cer- 
tain cfferent neurons. This connection arising between cortical cells acted 
upon by conditioned and unconditioned stimulation because of their coin- 
cidence in time is called temporary cortical connection. Fig. 268 presents a 
scheme in which the temporary cortical connection is conventionally des- 
ignated by an arrow joining the cortical cells of the auditory analyser ex- 
cited by the sounds of a metronome (conditioned stimulus) with the cortical 
cells of the taste analyser stimulated by the action of gustatory substances 
evoking an unconditioned reflex. 


* In man and some animals formation of various structures of the cerebral cortex 
does not end with the moment of birth. The role of the higher division of the central 
nervous system at this period is partly played by the striopallidal nuclei and thalamus. 
It has not been proved, however, that in newborn children the cerebral cortex does 
not function at all at the time of birth and does not play any role in the accomplish- 
ment of unconditioned reflexes and elaboration of conditioned reflexes. 

** The cerebral cortex may also respond with inhibition (p. 629) to the impulscs 
from receptors, whose stimulation evckes unconditioned (and conditioned) reflexcs. 
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It can be generally said that temporary connections arise between groups 
of neurons of the cerebral cortex whose stimulation coincides in time. Such 
connections are established when excitation of any cells of the cerebral 
cortex evoked by stimulation of any receptors coincides in time with 
sume unconditioned reflex or a previously elaborated conditioned reflex. 

Mechanism of elaboration of temporary connections and significance of 
irradiation of excitation in cerebral cortex. What is, then, the mechanism 
underlying elaboration of a temporary nervous connection between groups 





x. 268, Simplified scheme illustrating mechanism of elaboration of salivary alimentary 
conditioned reflex to sound stimulus, 


R SALT -BR yo E-N relox are of unconditioned salivary reflex: CB. cortien) representation of 
alimentary uneonditioned reflex (mainly, cortical division of taste analyner); Z-—eortiee! division of 
muaditory analyser; O AfA e By 3 OC E-S reflex are of conditioned reflex. Ueavy arrow 
tidieates coupling of temporary connection in cortex, #:—receptor of taste stimuli; €'—receptor of auditory 
stimuli; J, -—eulls of medulla oblongata receiving taste stimuli and tramdorring them to efferent neurons or 
salivary gland; J, cella of medulla oblongata receiving auditory atimali which, like tasto stirnuli, ure 
eondueted further to cortex; TA-- optic thalamus, where all impulses arising in medulla oblongata during 
stimulation of taste and auditory receptor aro transferred to neurons giving off fibres to corebral cortex. 
Dotted lines indicate pathways along which impulaos from cortex are conducted to efferent neurons 
forming efferent fibres to salivary gland S; E. -oferent fibres to gland; ALLP. and Aj.t.--afferent fibres 
from taste and auditory receptor. 


of cortical cells acted upon by a conditioned stimulus and the cortical cells 
stimulated during the accomplishment of an unconditioned reflex? (For the 
sake of brevity, the term “cortical centres” of conditioned and uncondi- 
tioned reflexes in the cerebral cortex is sometimes used.) 

We are already familiar with the phenomenon of irradiation of excitation 
(Chapter 52) in the central nervous system. It has already been pointed out 
that a certain degree of this irradiation in the form of propagation of im- 
pulses from one neuron to another is a requisite for reflex activity. Of 
course, irradiation of excitation also occurs from the cortical centre of the 
conditioned reflex, otherwise excitation of the cortical cells stimulated by 
the action of the conditioned stimulus could not evoke excitation in the 
cortical cells of the centre of the unconditioned reflex. But if a stimulus 
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evoking only an orienting reflex acts upon the organism alone, while the 
entire cortex is in a state of relative rest, this orienling reflex usually soon 
disappears. 

Excitation from cortical cells acted upon by indifferent stimuli does not 
irradiate in a definite direction and is, as it were, extinguished without 
evoking any excitation in other structures of the cerebral cortex. 

The picture changes, if excitation of one group of cortical cells coincides 
in time (in typical cases somewhat preceding it) with excitation of another 
group of cortical cells excited in the presence of a certain unconditioned 
(or previously elaborated con- 
ditioned) reflex. After more 
or less frequently repeated 
simultaneous excitation of 
these centres, impulses from 
the centre of the conditioned 
reflex irradiate in the direc- 
tion of the cortical centre of 
the reflex by which it was 
reinforced, and upon reaching 
il, excite it. 

Pavlov wrote: “...it must 
be admitted as a general 
phenomenon in the higher 
division of the central nervous 
system that any strongly 
stimulated centre somehow ne | mm 
attracts to itself any other 
weaker stimulation simul- Fig. 269. Record: of movements of monkey's hand 
taneously getting into this (macaco) during flexion produced by stimulation 
system. ...”* In another work of motor zone of cerebral cortex. 

Pavlov stated that when the = Upper curve: arched lines e’, 47, and e, d’ denote beginning 
coincidence in the time of ua noir sour iy keer eure uf mun fen 
action “...of indifferent stim- Fim stimulation of first point (.1) did not produce any 
uli with our active Centre (eee ee et ee et ine ete 
repeals many times, the in- nmt point, produced “primary faeilitation. no., gradus 
different stimuli, instead of o cmereeues and intensification of contraction of uxor inus- 
= ae l ele. Seeond, alo subthreshold stimulation of tint point. (2) 
irradiating over the cerebral now produces strong effect. This is “seoondary facilitation” 
hemispheres, as would be (after Graham-Hrown), 

the case if they were not 

attracted, establish for themselves a permanent narrow pathway to the 
active centre, become connected with it and thus turn into definite stimuli 
of this centre.” ** 

Discussing the mechanism by which the reflex arc of a conditioned reflex 
is coupled, Pavlov pointed out that “... there are facts which permit us to 
regard the act of coupling even as an elementary physiological process.” *** 
He often stated that the “attraction” of excitation from the cortical centre 
of a conditioned reflex by a strongly excited cortical centre of an uncon- 
ditioned reflex resembles the phenomena of blazing new paths, i.e., “Bah- 
nung,” or “facilitation.” In these phenomena the effect of excitation of onc 





ere ade dead cae de 
A 1 a m wW FV 





* I. Pavlov, Complete Works, Vol. III, Book 2, p. 110. 
** Ibid., Book 1, pp. 198-99. 
*** Ibid., Book 2, p. 52. 
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centre is intensified by simultaneous stimulation of another centre. This is 
why, for example, the knee-jerk is intensified when the fist is clenched. The 
following fact also belongs to the foregoing phenomena: stimulation by an 
induction current applied to the so-called motor zone of the cerebral cortex 
and not provoking any motor effect. by itself, greatly intensifies the motor 
effect produced by simultaneous stimulation of another section of the same 
zone (Fig. 269). 

The ability of the excited centre (dominant, see p. 575) to intensify its 
excitation at the expense of excitation of other centres is also observed in 
the lower parts of the central nervous system. There is a profound differ- 
ence, however, between the elaboration of a temporary connection which 
ensures formation of a conditioned reflex and the phenomena of “facili- 
tation” and dominant: with these phenomena the two groups of simultane- 
ously excited neurons generally interact only during stimulation of these 
nervous structures from corresponding receptors. Whatever the frequency 
of simultaneous excitation of centres A and B in the lower divisions of the 
central nervous system, isolated stimulation of centre A does not acquire 
the ability of producing the excitatory effect in centre B.* But after elabo- 
ration of a conditioned reflex the cortical centres of the conditioned (A) 
and unconditioned (B) reflexes are in such a relation that. excitation of cen- 
tre A produces the excitatory effect in centre B without (or prior to) its 
direct stimulation. Elaboration of the conditioned reflex is most clearly 
manifested precisely in this effect. produced by an isolated application of a 
conditioned stimulus. Saliva is secreted at the sound of a bell which was 
earlier repeatedly accompanied by feeding and it flows during the isolated 
action of the bell al a time when the dog has no food in its mouth. 

Formation of a temporary connection between the cortical centres of 
conditioned and unconditioned reflexes depends on properties of the higher 
division of the nervous system which its lower formations do not have: the 
cortical cells can sometimes retain indefinitely (all through life) traces of 
the process which occurred in the cerebral cortex when the irradiating 
excitations met. This retention of the well-beaten pathway between 
the centres of the conditioned and unconditioned reflexes in the cerc- 
bral cortex is the distinguishing feature of the temporary nervous connec- 
tions which constitute the cortical mechanism of conditioned reflexes. The 
physicochemical processes developing in the cerebral cortex at the time 
are still unknown. 


Some foreign researchers endeavoured to prove it was possible to elaborate “spinal 
conditioned reflexes" and that elaboration of temporary connections was not a mech- 
anism characterizing higher nervous activity. E. Asratyan'’s experimental studies 
showed these assertions to be groundless. It does not follow, however, that conditioned 
refiexes can be studied isolately from the more primitive forms of nervous activity 
merely because they characterize the activity of the cerebral cortex, Without knowing 
the lower mechanisms of the reflex activity it is impossible to comprehend the specific 
features of its higher mechanisms (as it is impossible to understand the transmission 
of impulses through a most clementary reflex are without knowing the mechanisms 
by which a nervous impulse spreads along a nerve fibre). 


* It cannot be said that there are no trace reactions in the activity of the lower 
centres at all. Under the term inertia of the dominant Ukhtomsky described the abil- 
ity of an excited centre to divert upon itsclf impulses from other reflex arcs of the 
spinal cord within a certain period of time after suspension of the stimulation which 
produced the dominant. But these trace reactions in the lower parts of the central 
nervous system cannot lead to elaboration of any new acts of behaviour. Phenomena 
of inertia of the dominant in the activity of the lower centres are extinguished in a 
relatively short space of time (probably in several] hours), 
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In describing the conditioned reflex, Pavlov not infrequently used the 
terms “temporary connection” and “conditioned reflex” as equivalents. He 
wrote: “...the permanent connection between the external agent and the 
response of the organism, which evokes it, can be rightly called an uncon- 
ditioned reflex and the temporary connection--a conditioned reflex.” 
(1935.) 

The term “temporary connection” in no way implies, however, that the 
mechanism of this connection itself dooms the latter to disappearance 
and that this connection can, therefore, exist only a limited time. Pavlov 
always emphasized the dependence of the temporary connections on the 
conditions of their elaboration. When a conditioned reflex has been elabo- 
rated, it is no less stable than an unconditioned reflex, as long as the con- 
ditions of its elaboration persist, i.e., reinforcement by an unconditioned 
reflex. If a conditioned reflex has been elaborated to a certain stimulus. 
it docs not disappear, unless it is specially extinguished (i.e.. if the action 
of the conditioned stimulus is not reinforced); sometimes it persists unused 
for many years (or recovers after one or iwo reinforcements). “Recogni- 
tion” by the dog of its former master after many years of separation, or 
retention in our memory till old age of the features of people we saw only 
in childhood, are ensured by the same cortical mechanism—the persistence 
in the cerebral cortex of the once elaborated temporary connections. 


Conditioned Reflexes and Their Age Development in Various Animals 


Conditioned reflexes are observed in most diverse representatives of the 
animal kingdom. 

Animals which do not have cerebral hemispheres develop and effect 
conditioned reflexes by the activity of the older structures of the central 
nervous system. It is possible that in amphibians and fish primitive con- 
ditioned reflexes are formed by the activity of the diencephalon and mid- 
brain. The possibility of elaborating conditioned reflexes in lower Chor- 
data (ascidians) has also been demonstrated (E. Kreps). Conditioned re- 
flexes can be likewise elaborated in invertebrates (for example, in Arthro- 
poda), probably, mainly by the central formations connected with the higher 
receptors—the ganglia of the anterior divisions of their bodies. 

Investigations of the Institute of Experimental Medicine have demon- 
strated that conditioned reflexes can be elaborated in puppies and chil- 
dren and even in prematurely born children already in the first days of 
their life. Thorough researches carried out by N. Kasatkin have established 
a number of features characterizing the gradually growing complexity of 
conditioned reflex activity in early childhood. 


Primary Generalization of Conditioned Reflexes 


When a conditioned reflex to a certain agent is already elaborated, it 
turns out that several similar agents always evoke the same conditioned 
reflex, although their action has not been reinforced by an unconditioned 
stimulus. It follows that a temporary connection with the cortical cells of 
the unconditioned reflex is established not only by the cortical cells acted 


* I, Pavlov, Complete Works, Vol. III, Book 2. p. 324. 
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upon by the conditioned stimulus reinforced by the unconditioned reflex, 
but also by other cortical neurons. For example, if the tone of 1,000 cycles 
per second is accompanied several times by the introduction of acid into 
the mouth the salivary defensive (“acid”) reflex will also manifest itself 
in response to tones of 100 and 10,000 cycles per second and sometimes 
even to any acoustic stimuli in genera]. This phenomenon is called gener- 
alization of conditioned reflexes. 


Generalization of condilioned reflexes docs not usually extend beyond the analyser 
on which the conditioned stimulus acts. For example, after elaboration of a condi- 
tioned refiex to a certain acoustic stimulus, this conditioned reflex is at first evoked 
by any more or less similar sounds, but not by an optic stimulus. But in trace con- 
ditioned reflexes, i.c., when from one to three minutes elapse between the end of the 
action of the conditioned stimulus and the beginning of the action of the uncondi- 
tioned stimulus, gencralization is so extensive that almost any stimulus evokes the 
same conditioned reflex which is elaborated when only one definite agent is reinforced 
by the unconditioned reflex. 


The mechanism of generalization was described by Pavlov as follows: 
“If a special chosen agent is brought into connection with some physiolog- 
ical activity for the first time, the excitation produced by this agent, on 
reaching a certain point of the cerebral cortex, irradiates over the given 
receptive centre; thus, it is not one point of the brain end of the given 
analyser that makes a definite connection, but the entire ana- 
lyser, or some part of it; only later, owing to the opposition of the 
inhibitory process, the sphere of excitation gradually narrows and the 
result is an isolated action.”* Primary generalization of conditioned re- 
flexes is thus due to the fact that excitation, coming from receptors to 
definite cortical cells, irradiates from the latter over the cerebral cortex. 
Generalization of conditioned reflexes like that of spinal reflexes (p. 574), 
consequently, results from irradiation of excitation; generalization of con- 
ditioned reflexes is overwhelmed and suppressed by cortical inhibition 
(see below). 


Two-Way Temporary Cortical Connections 


Two-way connections are formed between the cortical centres of a con- 
ditioned and an unconditioned reflex. “... When two nervous centres are 
connected or linked,” Pavlov wrote, “the nervous processes move from one 
to the other in both directions.”** 

This conclusion was based on the following experiments (N. Krasno- 
porsky). If passive flexion of the dog’s leg (accomplished by the experi- 
menter) is accompanied by feeding, stimulation of the receptors of the 
muscles is transformed into a conditioned stimulus of the alimentary 
reflex: flexion of the leg evokes an alimentary reaction—secretion of saliva. 
After elaboration of this reflex the dog, when receiving food, begins to 
move its leg. Thus, excitation travels not only from the kinesthetic cortical 
cells, i.e., cortical cells receiving impulses from the receptors of the mus- 
cles, to the cells of the cortical representation of the food centre, but also 
in the opposite direction; arising in the cortical division of the food centre, 
it runs to the cells of the motor analyser (kinesthetic cells), which condi- 
tions the movements of the extremities. 


* Ibid., Book 1, p. 181, 
** Ibid., Book 2, p. 185. 
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A number of phenomena, constantly observed by us on ourselves, are 
due to formation of two-way connections in the cerebral cortex. Many 
people know that while the smell of palatable food evokes alimentary 
excitation, a hungry man may, contrariwise, be haunted by various food 
odours, by visual images of favourite dishes, etc. Signals of stimulation 
by cold cause contraction of cutaneous blood vessels, trembling and height- 
ened metabolism, while excitation of the mechanisms of thermoregulation 
(increased heat production, diminished heat loss), without any actual in- 
fluence of cooling (for example, in fever), contrariwise, produces a scnsation 
of chilling. 


Two-way cortical connections are very important in the formation of a number of 
natural conditioned reflexes which determine normal activity of the internal organs 
and coordination of various processes in the organism, It is a well-known fact, for 
cxample, that contraction of an empty stomach evokes alimentary excitation. This 
is most naturally accounted for by the fact that peristaltic movements of the stomach 
inerease in the act of eating; when similar movements arise outside the act of eating, 
with a hungry composition of the blood, impulses from the gastric (probably, also 
intestinal and glandular) interoceptors, lead to excitation of the food centre by virtue 
of the two-way character of the cortica] connections. Here is another example: stimuli, 
frequently coinciding in time with the state of fatigue, produce this state even with- 
out any preceding Jong-continued work and this is manifested, in particular, in changed 
respiration. Suffice it, however, experimentally to produce the same change in respi- 
ratien that occurs in hard work, to reduce efficiency. 


The physiological mechanism of the two-way cortical connections makes 
it, therefore, possible to explain the formation of such behaviour acts as 
do not simply reproduce unconditioned reflexes (for example, after elabo- 
ration of an alimentary conditioned reflex in the dog; when told to give the 
paw the hungry dog produces this movement, i.e., lifts ils paw, even with- 
out the action of this conditioned sound stimulus). 


Conditioned Reflexes as Reactions to Signalling Stimuli 


Owing to the elaboration of conditioned reflexes, the organism meets 
the action of the unconditioned stimulus, preceded by the conditioned stim- 
ulus, when all reactions, which ensure equilibration of the organism 
with the factors evoking the given unconditioned reflex, are already in 
evidence. For example, when food gets into the oral cavity, it encounters 
saliva which was secreted by the conditioned alimentary reflex; muscular 
activity begins when the conditioned reflexes elaborated to it have already 
evoked increased respiration and heart. rate, redistribution of the blood 
und changes in the vascular system. 

But the significance of conditioned reflexes is not confined to the fact 
that owing to them physiological changes in each system of the organism 
precede the action of the agents which are their inborn stimulators. This 
is proved by the experiment on the dog in which the cerebral hemispheres 
have been extirpated. “In addition to the internal reflexes such a dog 
retains the fundamental external reflexes. It is attracted by food; it keeps 
uway from destructive stimuli.... And still it is an invalid and cannot 
exist without care. Evidently something vital is missing in its nervous 
activity. But what? It is impossible not to see that the number of stimu- 
lating agents evoking reflexes in this dog has decreased considerably, that 
the stimuli act at a very short distance and are very elementary, very gen- 
eral and undifferentiated. Hence, the equilibrium of this higher organism 
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with the environment in a wide sphere of its life has also become very 
elementary, limited and obviously inadequate.’* “The environment of 
the animal is so infinitely complex and so continuously in a state of flux, 
that the intricate and complete system of the organism can become equil- 
ibrated with the environment only if it is also in a corresponding state of 
constant flux.” ** 

Thus, *... the fundamental and most general activity of the cerebral 
hemispheres is signalling. the number of signals being infinite and the 
signalization variable.”*** As a result of conditioned reflex activity, there 
arise new acts of behaviour, without which the activity of each organism 
would be limited to a small number of inborn reactions. 

Related to the signalling significance of the conditioned stimuli is the 
fact that formation of conditioned reflexes is easiest and quickest when the 
conditioned stimulus directly precedes the unconditioned stimulus and 
subsequently acts for some time simultaneously with it. If the conditioned 
stimulus is applied only after the unconditioned stimulus and is suspended 
before the end of the latter, the conditioned reflexes are formed with dif- 
ficulty (A. Krestovnikov); they are unstable and susceptible to inhibition 
(about. the mechanism of this phenomenon sce below). 


Significance of Strength of Conditioned and Unconditioned Stimuli 


The elaboration and strength of a conditioned reflex are determined 
by the intensity of the conditioned stimulus and the unconditioned stimu- 
lus which reinforces it. Of prime importance in this respect is the strength 
of the provoked excitation rather than the physical intensity of the stim- 
ulus, while the intensity of excitation produced by a stimulus depends 
on the biological role of the latter, on the state of the animal, and on the 
conditions under which the given agent acts. 

As a rule, a conditioned reflex is formed when the conditioned stimulus 
is weaker (that is, when it evokes weaker excitation in the cortex) than 
the unconditioned stimulus by which it is reinforced. In other words, when 
a temporary cortical connection is elaborated, the focus of stronger ex- 
citation in the cortical centre of the reinforcing (unconditioned) stimulus 
usually “attracts” the excitatory process from the weaker focus of excita- 
lion, which in the given case is the cortical centre of the conditioned reflex. 
It is difficult, for example, to elaborate an alimentary conditioned reflex 
in the dog, well fed before each experiment. On the contrary, by intensi- 
fying the alimentary excitability by fasting, it is possible to transform even 
a noxious agent, which usually evokes the defensive reflex, into an ali- 
mentary conditioned stimulus. 

All other things being equal (i.e.. the strength of the unconditioned re- 
flex being the same), conditioned reflexes to weak stimuli are formed with 
greater difficulty than to stronger stimuli. 

When a conditioned reflex is already elaborated, its strength (for exam- 
ple, the amount of saliva secreted in an alimentary conditioned reflex) is 
subject to a relation which is designated as the “law of force.” This re- 
lation consists in the fact that a conditioned reflex—all other things being 
equal—is the stronger, the greater (within a certain limit) the physical 


* Ibid., Vol. IV, pp. 28-29. 
** Ibid., p. 30. 
* Ibid. 
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strength of the conditioned stimulus. But each stimulus has its “strength 
limit,” beyond which any further strengthening of the stimulus no longer 
increases the intensity of the conditioned reflex evoked by it, but. on the 
contrary, reduces it. This is due to the fact that the cerebral cortex reacts 
to a supramaximal stimulus with development of inhibition (transmarginal 
inhibition, p. 629). The strength of the stimulus, an excess of which results 
in the development of transmarginal inhibition, varies with the type of 
nervous system and its functional state (consequently, the state of the or- 
ganism as a whole). 

The strength of conditioned reflexes depends not only on the strength 
of the conditioned stimuli, but also on the strength of the reinforcing un- 
conditioned stimuli. It has been found that strengthening of an uncondi- 
tioned stimulus (and thereby of the unconditioned reflex) leads to inten- 
sification of the conditioned reflex which is reinforced by it. 

When unconditioned reflexes are very strong the weakest stimulus may 
sometimes evoke a very intense reaction. In man intense respiratory. 
cardiovascular and motor reactions may emerge in response to a whispered 
word (stimulus of the second signalling system). But here, too—all other 
things being equal and with the same rcinforcing stimulus—the strength 
of the complex reflex act depends on the intensity of the conditioned 
stimulus. 


Natural and Artificial Conditioned Reflexes 


Natural conditioned reflexes are conditioned reflexes to agents which 
normally act jointly with stimuli that evoke unconditioned reflexes. 

For example, an alimentary conditioned reflex to the smell of meat is a 
typical natural conditioned reflex. The following experiment performed by 
I. Tsitovich proves that this is really a conditioned, i.e., elaborated reflex. 
Tsitovich [ed a number of puppies milk. When the puppies grew up, he 
made them a salivary fistula; after the animals had become accustomed 
to the conditions of experimentation aimed at recording the secretion of 
saliva. he tested the action of meat on them. It turned out that in the dogs. 
which had never before eaten any meat, the sight and smell of meat evoked 
a strong orienting reaction unaccompanied by salivation; the puppies raised 
exclusively on milk showed no conditioned reflex salivation to the sight 
and smell of meat. But after the puppics had been fed meat once or twice. 
the sight and smell of it sufficed to evoke in them the characteristic ali- 
mentary conditioned reflex with its motor and secretory (salivation) com- 
ponents. 

Another illustration of a natural conditioned reflex is the heightened 
metabolism observed in a man who only watches the performance of mus- 
cular work to which he is accustomed. All the conditions of habitual work 
should, therefore, be regarded as a natural conditioned stimulus for people 
who perform this kind of work. 

There is not a single unconditioned reflex not “overgrown” with natural 
conditioned reflexes, since there are actually no reflexes which are normally 
evoked only by one agent free from invariably concomitant stimuli. 
The peculiar features, which characterize the physiological reactions of 
various species of animals, largely depend on natural conditioned reflexes 
connected with the accomplishment of these reactions. Therefore, when 
we speak about reinforcement of conditioned reflexes by unconditioned 
reflexes, about establishment of connections between cortical structures 
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reacting to conditioned and unconditioned stimuli, the term “unconditioned 
reflex” is used by us without any additions, but for the sake of brevity. Actu- 
ally, however, an unconditioned reflex is almost always (except the period of 
infancy, i.e., before the conditioned reflexes are elaborated) not only and 
not merely an unconditioned reflex. It is a complex reflex act which, as an 
integral whole, includes natural conditioned reflexes to a number of stim- 
uli, normally connected with the accomplishment of the given act. When 
new conditioned reflexes are elaborated to an already existing complex 
reflex act, the sphere of its action is extended, and it can be modified by 
forming conditioned reflex connections with other complex reflex acts. 

Natural conditioned reflexes are less susceptible to inhibition than arti- 
ficial reflexes: they are more easily restored after various pathological 
influences (partial removal of the cerebral cortex, intoxication) which lead 
to temporary disappearance of conditioned reflexes. 

Artificial conditioned reflexes are such conditioned reflexes which are 
intentionally elaborated to agents, normally never connected with the 
action of an unconditioned stimulus. Artificial conditioned reflexes should 
not be contrasted with natural reflexes. 


Characteristics of Various Conditioned Reflexes Depending 
on Stimuli by Which They Are Evoked 


Exteroceptive conditioned reflexes. Any stimulation from the external 
environment, if it excites the exteroceptors, may lead to the formation 
of a conditioned reflex after its repeated reinforcement by a stimulus which 
evokes an unconditioned reflex. Hence, conditioned reflexes are elaborated 
to various auditory, olfactory, taste, visual, mechanical and thermal stimuli. 

The number of reinforcements of the conditioned stimulus by an uncon- 
ditioned stimulus, necessary to elaborate a stable conditioned reflex, 
greatly varies with the type of nervous system and the strength both of 
the unconditioned and conditioned stimuli. The stronger these stimuli, all 
other things being equal (if their intensity does not exceed the strength 
limit), the fewer combinations are required to elaborate the conditioned 
refiex. To elaborate a conditioned reflex to the stimulation of exteroceptors 
in the dog usually requires 5 to 20 combinations with the unconditioned 
stimulus. To elaborate a natural conditioned reflex, which was always also 
elaborated in the ancestors of each individual of the given species (for 
example, an alimentary conditioned reflex to the smell of food) even two 
or three combinations are often sufficient. Defensive conditioned reflexes 
are likewise elaborated very quickly—after one or two combinations with 
a strong noxious stimulus. 

At first the conditioned reflexes are unstable alter their elaboration. i.e., 
their action ceases if for a certain period of time they are not exercised. 
After repeated reproduction and reinforcement, the conditioned reflexes 
become fixed and do not disappear even if not acted upon by the given 
conditioned stimulus for a long time. 

Conditioned reflexes to stimulation of interoceptors of musculature. In 
Pavlov’s laboratory N. Krasnogorsky found that conditioned reflexes could 
be elaborated by reinforcing the passive flexion of an extremity with an 
alimentary or defensive unconditioned reflex. It has been shown that in this 
case formation of conditioned reflexes depends on stimulation of the re- 
ceptors of the skeletal muscles, tendons and ligaments, i.e., broadly speak- 
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ing, on the interoceptors of the organs of movement. These conditioned re- 
flexes from receptors stimulated during various motor acts play a very 
important part in the coordination of movements (Chapter 54) and in the 
formation of speech (Chapter 73). 

Conditioned stimuli from interoceptors of internal organs. As was 
assumed by Pavlov and proved by the experiments of Bykov and his col- 
laborators, conditioned reflexes could be claborated to stimulation of the 
interoceptors of internal organs. For example, by combining the inflation 
of a balloon, inserted into the stomach, with feeding, it is possible to ob- 
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lig. 270. Example of elaboration of conditioned reflex and differentiation to intero. 
ceplive conditioned stimulus by introduction of water into stomach through fistulae. 
Introduction of water (I8) into stomach waa repeatedly reinforced by electrocutanvous stimulation of 
loft paw, owing to which after elaboration of conditioned reflex isolated application of conditioned stimulus 
produced defensive conditioned reflex - jerking back of paw. Introduction into stomach of water havin 
temporature af 5° was not reinforced by cluctrueutancous stimulus and, (herefore, did not produce any 
defensive reaction (differentiation). 
Uno of differentiation shows sucecssive inhibition, 
Top to bottom: record of movements of loft paw, mark of conditioned atirnulstion and mark of uncon- 
ditioned stimulation, Time interval -one second (after K. Bykov). 





tain an alimentary conditioned reflex to the stimulation of the mechano- 
receptors of the stomach. Similarly, by introducing water into the stom- 
ach through a fistular tube (heated, for example, to 18°C) and by com- 
bining this interoceptive stimulation with an electric stimulation of the 
paw it was found possible to claborate a typical defensive conditioned 
reflex (Fig. 270) to the introduction of water with the aforcsaid tempera- 
ture into the stomach. If the introduction of water having a different tem- 
perature (5°) into the stomach is not reinforced by an electrocutaneous 
Stimulation, a differentiation (p. 630) is elaborated to the nonreinforced 
stimulation of the gastric thermoreceptors (Fig. 270). 

It is also possible to elaborate alimentary and defensive conditioned 
reflexes to stimulation of the receptors of the uterus by acting upon its 
mucous membrane in a chronic experiment through a fistula fixed in the 
cornu of the uterus. Conditioned reflexes (alimentary, defensive, respira- 
tory, thermoregulatory, and others) were also obtained by stimulating the 
thermoreceptors of the stomach, the receptors of the intestinal mucosa, 
and the chemoreceptors of the lungs and large blood vessels (in the latter 
case inhalation of air with carbon dioxide served as an unconditioned 
stimulus in corresponding experiments). 

Elaboration of conditioned reflexes from interoceptors usually requires 
more reinforcements than that from exteroceptors. Many variations are 
possible here, but elaboration of stable reflexes to stimulation of the in- 
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teroceptors of internal organs requires an average of 30 to 60 reinforce- 
ments with the unconditioned reflex. At the same time interoceptive re- 
flexes are inhibited with greater difficulty than exteroceptive reflexes. 

Complex conditioned stimuli. Normally conditioned reflexes are most 
frequently elaborated to agents which simultaneously or consecutively 
stimulate several groups of heterogeneous receptors. Such conditioned 
reflexes elaborated to simultaneous (or consecutive) stimulation of hetero- 
geneous receptors are called conditioned reflexes to a complex stimulus, or 
complex conditioned reflexes (details may be found on p. 645). 

Elaboration of conditioned reflexes to agents evoking unconditioned 
reflexes. An unconditioned stimulus can also be utilized as a conditioned 
stimulus, which is illustrated by the following experiment performed in 
Pavlov's laboratory. 

An electric current from an induction coil was applied to the skin of 
the dog. The current was of such intensity that the dog displayed an ob- 
vious defensive reaction: it whined, tried to jump off the stand, etc. After 
5 seconds of such isolated stimulation by the electric current the dog was 
given meat; prior to each experiment the dog had not been fed for a long 
time (about 24 hours) and was therefore in a state of marked alimentary 
excitation. After several combinations of the noxious stimulation with 
the act of eating stimulation of the skin by electric current turned from 
an unconditioned stimulus of the defensive reflex into a conditioned stim- 
ulus of the alimentary reflex. As a result, in response to painful stimu- 
lation by electric current the dog began to lick its lips, salivated and 
turned in the direction from which the food receptacle usually appeared. 

The picture changed, however. when the noxious stimulation was con- 
siderably intensified by application of electrodes to the area of the skin 
directly over the bone. With such intensified action of the noxious stimu- 
lus, excitation in the cortical centre of the defensive reflex could no longer 
be attracted by the simultaneously excited food centre, but, on the 
contrary, itself began to attract the excitation evoked by the alimentary 
stimulus. Intensified clectric stimulation of the skin therefore not only 
produced a violent defensive reaction, but the latter began to emerge at 
the sight of meat alone, without any electric stimulation of the skin. 1t was 
not the “pain” agent which then became a conditioned stimulus of the 
alimentary reflex, but, on the contrary, the alimentary excitation which 
turned into a conditioned stimulus of the defensive reflex. In this case the 
significance of the intensity of excitation in simultaneously excited centres 
of the cortex, as a factor determining the direction in which excitation 
moves according to the temporary connection established in the cortex, 
is very clear. 

The biological significance of these relations is obvious: dogs, especially wild dogs. 
must often procure their food literally in battle; should painful stimulations of the 
skin always suppress the alimentary reflex, the animal would die of hunger. But when 
the accomplishment of the alimentary reflex threatens the safety of the animal's 
skeleton, then in order to survive it is more important for the unimal to avert the 
given pernicious stimulus than to go on procuring food. 


The possibility of transforming unconditioned stimuli into signals of 
conditioned reflexes, clearly demonstrated in the foregoing experiment, 
is very important in regulating a number of physiological processes. This 
largely determines the combination of various unconditioned reflexes into 
complex reflex acts, in which one reflex process becomes a conditioned 
stimulus for another reflex process. 
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Suspension of action of various agents as conditioned stimulus. Discontin- 
uance of the stimulation of receptors may also serve as a stimulus evoking 
a conditioned reflex. Owing to the activity of the cerebral cortex discon- 
tinuance of any stimulation of the receptors, just as different intervals 
elapsing after it, may become signals provoking any activity of the 
organism. 

For example, if a noxious stimulus is applied every time at the moment 
when, say, a trumpet ceases to sound, then the end of this sounding be- 
comes a stimulus which, duc to the claborated temporary connection, pro- 
duces a defensive conditioned reflex. The dog remains absolutely quiet as 
Jong as the trumpet. plays. but as soon as the sound of the trumpet ceases, 
the dog becomes restless: it jerks away the paw subjected to electrocuta- 
neous stimulation, whines, etc. 

Conditioned reflexes to time. The cerebral cortex is able to react to 
different intervals between ils stimulations. For example, if food is always 
given to the dog at definite intervals, say, every ten minutes, then by the 
end of the tenth minute after the beginning of the previous feeding the 





Fig. 271. Reproduction of cataleptic state in dog by agents previously 
combined with hypodermic injection of bulbocapnine (after A. Dolin). 


animal will begin to secrete saliva and to exhibit a motor alimentary reac- 
tion. The “time measuring“ by the cerebral cortex is probably based on 
traces of stimulations and on impulses coming to it from the receptors 
of the organs that function rhythmically (the heart and the respiratory 
system); when the intervals are longer this phenomenon is, probably, con- 
nected with the stimulation of receptors which depends on the state 
of the digestive organs, duration of the periods of wakefulness, ctc. 

Formation of conditioned reflexes to processes evoked by chemical stimu- 
lation of central nervous system. Possessing particularly high reactivity 
the cells of the cerebral cortex react both to changes in the composition 
of the blood by which they are bathed and to stimulation of the chemo- 
receptors. Changes in the state of the cerebral cortex resulting from in- 
troduction of various substances into the blood, can be used as uncon- 
ditioned stimuli for elaboration of conditioned reflexes. In this case the 
agent, which has become a conditioned signal of the reaction resulting 
from the modification of the blood composition, evokes this reaction with- 
out (or prior to) the introduction of a corresponding chemical agent into 
the organism. 

If the action of a stimulus which by itself never provokes vomiting 
(for example, phonation of a certain tone) repeatedly coincides in time 
with the introduction into the blood of a substance stimulating the cells 
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of the vomiting centre (apomorphine, or morphine in dogs), a typical con- 
ditioned reflex is soon elaborated: the previously indifferent agent (tone) 
reproduces the full picture of vomiting (N. Podkopayev, V. Krylov). 

Conditioned reflex reproduction of pathological changes. The action of an 
indifferent agent can be combined with a simultaneous emergence of patho- 
logical processes; in this case the latter, owing to the elaboration of tem- 
porary connections, will arise under the action of this indifferent agent 
alone. 

For example, the subcutaneous injection of a certain toxic agent—bul- 
bocapnine—leads to the emergence of catalepsy, which is characterized by 
an exceptional increase in the so-called plastic tone, duc to inhibition of 
the motor zone of the cerebral cortex (p. 657); the skeletal muscles be- 
come set for a long time in the shortened or stretched state which has been 
imparted to them. If some agent, for example, the sound of gurgling liquid, 
is combined with the simultaneous action of bulbocapnine, after 10 to 12 
combinations of this sound with the injection of bulbocapnine, the gurgle 
alone (in the presence of all conditions in which the injection of the paoi- 
son is usually performed) evokes catalepsy (A. Dolin); in this state of 
conditioned reflex catalepsy it is possible to place the dog in most extraor- 
dinary postures (Fig. 271). 

This group of phenomena also includes a sharp rise in blood pressure 
under the action of an agent which was connected with the injection of 
adrenalin (A. Makarychev), and changes in the work of the heart under 
the action of agents signalling the injection of cardiac poisons (p. 125). 

In their practical work physicians must always consider the possibility 
of elaborating conditioned reflexes to agents coinciding in time with patho- 
logical processes; similarly, “neutral” agents coinciding in time with an 
improvement in the patient's condition due to claboration of conditioned 
reflexes, may produce valuable therapeutic effects. 


Conditioned Reflexes of Superior (Second and Subsequent) Order 


Conditioned reflexes can also be elaborated through reinforcement of 
any previously indifferent stimulation by an agent which evokes not an 
unconditioned but a previously elaborated conditioned reflex. 

For example, light accompanied by some sound, which was transformed 
by alimentary reinforcement into an alimentary conditioned stimulus, will 
after a number of combinations with this sound evoke the same conditioned 
reflex as the sound itself (in such experiments combination of an indif- 
ferent and conditioned stimuli is, of course, not accompanied by any un- 
conditioned stimulus). This is the case when conditioned reflexes of the 
second order are formed. 


D. Fursikov elaborated in dogs conditioned reflexes of even the third order. Mechan- 
ical stimulation of the skin on the paw was a conditioned stimulus of the first order 
and was reinforced by clectrocutaneous stimulation of the paw. A conditloned reflex of 
the second order was elaborated to the gurgle of liquid, combined with stimulation 
of the skin, while phonation of a tone combined with the sound of gurgling liquid 
(of course, without any reinforcement by cutaneous stimulation) was transformed into 
an agent evoking a conditioned refiex of the third order. 

Conditioned reflexes of the second order were also claborated to a conditioned 
reflex caused by stimulation of the interocceptors. 
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Conditioned reflexes of the second order can be elaborated only sub- 
ject to a definile correlation between the time of action of the conditioned 
stimuli of the first order and those of the second order. To evoke a con- 
ditioned reflex of the second order in the dog by means of an indifferent 
agent the action of this.agent must be suspended at least 10 seconds before 
application of the stimulus which produces a conditioned reflex of the first 
order. If this is not observed and the conditioned stimulus of the second 
order continues to act simultaneously with the conditioned stimulus of 
the first order (or ceases to 
act less than 10 seconds before 
it), no conditioned reflex of 
the second order can be 
elaborated; moreover, even 
the response to the con- 
ditioned stimulus of the first 
order disappears. 


This is accounted for by the 
fact that the combination of two 
slimuli in all these experiments, 
is, of course, not reinforced by 
any unconditioned reflex or the 
complex stimulus would merely 
produce a conditioned reflex. But 
nonreinforcement creates condi- 
tions for the development of in- 
hibition in the cerebral cortex. If 
some agent acts simultancously 
with the conditioned stimulus (or 
ceases less than 10 seconds before 
it begins to act) and this combi- 
nation is not reinforced by an Top to bottom: record of movements of paw; mark o 
unconditioned reflex, then a Pae aiara augen M a if P of netion 

saa pi Pregl a of conditioned stimulus of second order (CLR. 2 time: it. 
e eE aul Bet ich jan: terval (one seeond) (after K. Aiapetyants). 

ate ; A 

more) seconds elapse between the 
suspension of the action of agent A and the beginning of the action of the stimulus 
which evokes a conditioned reflex of the first order, agent A becomes a stimulus 
producing a conditioned reflex of the second order. The mechanism of these delicate 
relations is not yet sufficiently clear. 





Fig. 272. Conditioned defensive reflex of second 

order elaborated through reinforcement of sound 

of buzzer by inferoeeptive: conditioned stimulus 

(stimulation of mechanoreceptors of small in 

testine), which develops defensive conditioned re- 
flex of first order, 


Elaboration of Temporary Connections Between Foci of Cortex 
Stimulated by Indifferent Agents 


Temporary connections are formed not only when the action of some 
previously indifferent stimulus coincides in time with that of the agent 
which produces an unconditioned (or already elaborated conditioned) re- 
flex; a temporary connection between two (or more) groups of neurons 
of the cerebral cortex is also formed when stimulation of the receptors 
provokes neither an unconditioned (except, orienting) nor a previously 
elaborated conditioned reflex. 

If, for example, light and the sound of a bell, which were never rein- 
forced by an unconditioned stimulus and did not evoke any responsive 
activity, except orienting reactions, are applied dozens of times simul- 
taneously, excitation of these cells becomes, as it were, united. If one of 
the two simultaneously applied indifferent agents—the bell—is sub- 
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sequently transformed into an alimentary conditioned stimulus through its 
reinforcement by the act of eating, and if after that the light stimulus 
is applied separately, it produces, as does the bell, a similar alimentary 
conditioned reflex, although it was never accompanied by feeding. 


These experiments carried out in Pavlov's laboratory were later repeated and cor- 
roborated. For example, stimulation of the intestinal intcroceptors was combined 
with stimulation of the receptors of the muscles which occurred during the flexion 
and extension of the paw. The flexion and extension of the paw were later transformed 
into an alimentary conditioned stimulus. Owing to this, the stimulation of the intes- 
tinal receptors, which had itself never been combined with feeding, also turned into 
an alimentary conditioned stimulus, under the action of which the dog salivated, licked 
ils lips, reached for the place from where the food receptacle was presented and at the 
same time lifted its paw (Airapetyants). 


N. Krasnogorsky showed that temporary connections between several 
cortical structures stimulated from various receptors were easily elaborat- 
ed in children. Combining the simultaneous action of several indifferent 
agents, it is possible to form in children long chains of stimuli linked by 
a temporary connection. When a conditioned reflex is elaborated to one 
agent of this chain through its reinforcement by an unconditioned stimu- 
lus, all the previously indifferent stimuli, which mutually reinforced each 
other, are also included in the temporary connection with the uncon- 
ditioned reflex. 


CHAPTER Gt 
INHIBITORY PROCESSES IN CEREBRAL CORTEX* 


The normal activity of the cerebral cortex necessarily involves unccas- 
ing interaction between processes of excitation and inhibition: the former 
leads to the elaboration and effectuation of conditioned reflexes, the latter 
to their suppression. 

Two forms of cortical inhibition are distinguished depending on the 
conditions under which inhibition emerges: unconditioned. or inborn in- 
hibition (external and transmarginal) and conditioned, or elaborated (the 
latter is offen designated as internal). 


Unconditioned Inhibition of Conditioned Reflexes 


External inhibition. External inhibition of conditioned reflexes arises 
when the organism is acted upon by a conditioned stimulus and is simul- 
taneously stimulated by an agent which evokes a different reflex. In other 
words, external inhibition of conditioned reflexes is due to the fact that 
during the excilation of the cortical centre of a conditioned reflex another 
focus of excitation arises in the cerebral cortex. For example, natural ali- 
mentary conditioned reflexes are inhibited if, while the dog is shown meat, 
an electric bulb of 500 candle-power is switched on before its nose, or its 
tail is pinched, or a cat. appears before it, etc. Very stable and strong con- 
ditioned reflexes are inhibited with greater difficulty than weaker reflexes. 


* Parts of this chapter, in particular, the description of the phenomena of hypnosis 
writlen by the late Professor N. Podkopayev, are given according to the first and 
second editions of the text-book. 
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If an extraneous stimulus, whose application caused external inhibition 
of the conditioned reflexes, evokes only an orienting reflex (for example, 
the sound of a bell) its repetition leads to the disappearance both of the 
orienting reflex and of its inhibitory action (extinctive inhibitor). 

But if an agent acting during the accomplishment of a conditioned re- 
flex evokes not an orienting, but a different unconditioned reflex, which 
is not weakened with frequent repetition, its inhibitory action does not di- 
minish. For example, alimentary conditioned reflexes are inhibited every 
time the centre of urination is exciled during the action of stimuli which 
evoke them. 

The outcome of the conflict of excitatory processes, evoked by different. 
stimuli in the cerebral cortex, is determined by their strength and func- 
tional role. Weak excitation irradiating over the cerebral cortex often in- 
tensifies rather than inhibits the conditioned reflexes (phenomena of fa- 
cilitation and dominant), while strong excitation inhibits them. 

Under simultancous action of two conditioned stimuli, which are sig- 
nals of different unconditioned stimuli, these conditioned reflexes may 
inhibit each other duc to the mechanism of external inhibition. 

As regards the mechanism of its emergence, external inhibition of con- 
ditioned reflexes is similar to that observed in other parts of the central 
nervous system; its emergence docs not require any definite conditions 
of action of the inhibitory stimulus. Pavlov, thercfore, designated it as 
unconditioned inhibition. 

Transmarginal inhibition. 1f the intensity of the conditioned stimulus 
exceeds a certain limit, the result is not intensification, but weakening or 
total inhibition of the refiex. Similarly, simultaneous application of two 
strong conditioned stimuli, cach of which, taken separately, evokes a pro- 
nounced conditioned reflex, weakens the conditioned reflex. 

The cortical cells are also inhibited when the action of the stimulus on 
the same cortical structures is frequently repeated, i.e., when the same 
conditioned stimulus is applied repeatedly, at short intervals. Any fre- 
quently repeated conditioned stimulus unalternated with other condi- 
tioned stimuli becomes inhibitory. 

Inhibition developing in the cortical cells in response to strong, fre- 
quent, or long-continued stimulation was characterized by Pavlov as 
transmarginal inhibition since it arises when excitation cxceeds the limit 
of efficiency of the cortical cells in the given animal and in its given state. 
In other words, the nerve cells have a certain strength limit of excitation 
beyond which any further intensification (or prolongation) of the excitatory 
process replaces excitation by inhibition. 

Transmarginal inhibition may also manifest itself in the [orm of patho- 
logical exhaustibility of the excitatory process. In this case the excitatory 
process, which begins normally, is very soon interrupted, and succeeded 
by inhibition. 


Internal (Conditioned) Inhibition and Iis Forms 


Internal, or conditioned inhibition, characteristic of the activity of the 
higher division of the nervous system, arises when the conditioned stimu- 
lus is not reinforced by an unconditioned reflex. Internal inhibition, con- 
sequently, emerges in the absence of the principal condition for the for- 
mation of a temporary connection, namely, coincidence in time of the two 
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foci of excitation created in the cortex by the action uf the conditioned 
stimulus and its reinforcing unconditioned stimulus. 

If the conditioned stimulus is repeatedly applied without any reinforce- 
ment, it evokes a process of inhibition in the same structures of the cer- 
ebral cortex in which previously it produced excitation. Thus, alongside 
positive conditioned reflexes there are negative, inhibitory conditioned 
reflexes. They manifest themselves in the suppression. suspension, or pre- 
vention of excitation in the organs of the body, whose activity was pro- 
voked by the given positive conditioned stimulus before it had been trans- 
formed into an inhibitory stimulus. 

The following four groups of cases are distinguished in internal inhi- 
bition, depending on the conditions under which the conditioned stimulus 
is not reinforced by an unconditioned stimulus: extinction, differentiation, 
retardation and conditioned inhibition. 

Extinction. If the conditioned stimulus is applied several times in succes- 
sion without reinforcement by an unconditioned stimulus, the conditioned 
reflex gradually diminishes and, in the end, disappears. The shorter the 
intervals between the applications of the nonreinforced conditioned stim- 
ulus, the quicker the development of inhibition, i.e., the sooner the 
effect of the conditioned stimulus is extinguished and reduced to zero. If 
after its full extinction an interval is made in the application of the non- 
reinforced conditioned stimulus, the conditioned reflex evoked by it will 
after some time recover. Conscquently, being extinguished, the condi- 
tioned reflex does not disappear, but is retarded, while the temporary con- 
nection is switched off by the process of internal inhibition. 

Differentiation. Differentiation is a form of internal inhibition; it arises 
under the action of agents not reinforced by any unconditioned stimulus 
and similar to the agent which is regularly reinforced and which among 
other similar stimuli becomes the only one able to produce a positive 
conditioned reflex. 

This somewhat complicated definition can be easily explained by an 
example. If a defensive conditioned reflex has been elaborated, say, to 
weak mechanical stimulation of the skin on the thigh reinforced by the 
application of an electric current, then owing to primary generalization 
of the conditioned reflex (p. 617) mechanical stimulation of any area of 
the skin will also produce a defensive conditioned reflex. But if the stim- 
ulation of the skin of the trunk, neck, or leg is never reinforced by an 
electric current, while only stimulation of the skin on the thigh is rein- 
forced by it, a differentiation is elaborated: stimulation of the skin on ‘the 
thigh will always evoke a defensive conditioned reflex, whereas stimulation 
of all other areas of the skin will not, due to emergence of internal in- 
hibition. 

Not only similar stimulations of exteroceptors, but also similar stimu- 
lations of the interoceptors are differentiated from each other. A defen- 
sive reflex to the introduction of a weak solution of acid into the intestine 
can be differentiated from the stimulation caused by the introduction of 
water into the intestine. 

Elaboration of differentiation is very important for the normal activity 
of the organism, since in the course of its normal existence similar agents 
constantly act upon it, and only one among them actually represents a 
signal of a certain unconditioned stimulus. Owing to the elaboration of 
differentiation, the phenomena of the external and internal environment 
are broken up into agents which exert different physiological influences; 
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only the agents which precede the action of an unconditioned reflex evoke 
the given conditioned reflex. All other agents become inhibited. 


Elaboration of differentiations is a perfectly objective method of ascertaining the 
discriminative abilities of the analysers. It has been found that dogs are able to 
differentiate between a metronome rhythm of 100 beats per minute, reinforced by 
feeding, and a rhythm of 96 beats per minute not reinforced by feeding. It has also 
been established that dogs very well discriminate between various forms of figures 
and degrecs of illumination of objects (shades of gray and white), while most dogs are 
unable to differentiate between colours. 


Two similar stimuli are often accompanied by different unconditioned 
stimulations; for example, a high tone, by feeding; a low tone, by appli- 
cation of an electric current to the skin. In these cases differentiation be- 
tween two stimuli also occurs owing to the processes of cortical induction 
(p. 640). 

Conditioned inhibitory agent. If a positive conditioned stimulus is applied 
in combination with another agent and is not reinforced by an uncondi- 
tioned stimulus, the conditioned reflex to the combination of stimuli dis- 
appears owing to the development of internal inhibition. The agent, in 
combination with which the conditioned stimulus is not reinforced by an 
unconditioned stimulus, becomes a signal of nonreinforcement and a con- 
ditioned inhibitory agent. 

Let us suppose, by way of example, that the sound of a metronome with 
a frequency of 120 beats per minute is continuously reinforced by uncon- 
ditioned stimulation, while the sound of a metronome acting simultane- 
ously with a flashing light is not reinforced by any unconditioned stimulus. 
The combined stimulus, i.e., the metronome plus the light, will inhibit the 
conditioned reflex. The light will become a conditioned inhibitory agent—a 
signal of nonreinforcement—and will also inhibit other conditioned re- 
flexes.* 

Conditioned inhibition is elaborated only when the agent, in whose pres- 
ence the conditioned stimulus is not reinforced, acts either simultaneously 
with the conditioned stimulus, or a few seconds before it. If the action 
of this agent ceases 10 and more seconds before the conditioned stimulus, 
a conditioned reflex of the second order is elaborated. 

Retardation. The processes of internal inhibition also play an important 
role when there is a more or less long interval between the beginning 
of the action of a conditioned stimulus and that of an unconditioned stim- 
ulus. In this case the conditioned stimulus is not reinforced during a 
certain period of time which elapses from the beginning of its action and 
is, therefore, subject to inhibition. For example, if the time of isolated action 
of the conditioned stimulus is prolonged to 2 or 3 minutes and more, a 
process of internal inhibition arises in the first phase of action of such a 
stimulus and a process of excitation in the second phase. As a result, the 
effect produced by this conditioned stimulus manifests itself only by the 
end of its action, closer to the moment when the unconditioned stimulus 
begins to act. These are cases of retarded conditioned reflexes (Table 28). 


* An agent, in whose presence the conditioned stimulus is not reinforced and which, 
being a signal of nonreinforcement, evokes inhibition in the cortex was termed by 
Pavlov a conditioned inhibitory agent (in 1907). In 1935 Pavlov stated that all cases, 
which were designated as internal inhibition, should be termed as conditioned inhi- 
bition. At that time Pavlov considered conditioned inhibition to be essentially a more 
complex form of differentiation. 
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Table 28 


Record of Experiment with Retarded Alimentary Conditioned 
Reflex (after Pavlov) 


Time Conditioned stimulus Salivary secretion every 
applied jor three minutos 30 seconds in drops 
3 hours 1? minutes whistle ! 0-0-2-2-4-4 
+ rs o” ? i 0-0-4.3-6.6 
30° 4000" i ' 0-0-2-2.3.6 


The interval constantly observed between the beginning of the action of 
the conditioned stimulus and the beginning of the accomplishment of the 
conditioned reflex—the so-called latent period—depends mainly on the 
development of internal inhibition and is none other than the period of 
retardation of the conditioned reflex. 

During the accomplishment of conditioned reflexes the duration of the interval 
between the stimulation of the receptors and the beginning of the reaction of the 
effectors is determined mainly by the development of retardation, i.c., inhibition (By- 
kov and Petrova). In a number of cases conditioned reflexes are elTected even quicker 
than unconditioned reflexes, For example, under the action of cold (or heat), unin- 
fluenced by natural conditioned stimuli, which are usually connected with cooling 
or heating, the processes of thermoregulation appear only after about half an hour 
of such cooling or heating. But in the presence of conditioned stimuli the process of 
thermoregulation appears within several minutes. 


Inhibitory conditioned reflexes. The process of internal inhibition, aris- 
ing under the influence of any of the aforesaid conditions, may become 
connected, just as in the formation of positive conditioned reflexes, with a 
certain indifferent agent. If a conditioned reflex is extinguished, i.e., reduced 
to zero, and then a certain indifferent agent of medium strength is applied 
in combination with the extinguished, i.e.. inhibitory, stimulus, after several 
combinations the isolated application of this indifferent agent will evoke an 
inhibitory process in the cerebral cortex (Y. Volborth). 

Successive inhibition. Inhibition dissipates only gradually; phenomena of 
inhibition, arising in the cerebral cortex under the action of inhibitory 
agents, persist for some time even alter discontinuance of the stimulation 
by which they were evoked. Therefore, if several minutes after stimulation 
cvoking conditioned inhibition a positive stimulus is applied, its action will 
prove to be weakened. This is particularly pronounced if the applied posi- 
tive stimulus is directed to the same cortical analyser, which was in- 
fluenced by the inhibitory agent. 

Phenomena of disinhibition. If an extraneous stimulus is applied to the 
experimental animal (for example, if a strong bell is used during the devel- 
opment of extinction or the action of a differentiation) during the action of 
an agent, which evokes in the cerebral cortex internal (conditioned) inhibi- 
tion the process of inhibition disappears. It is, as it were, washed off by 
excitation which irradiates from the cortical cells receiving the action of 
the extraneous stimulus (an agent not included in the system of conditioned 
reflexes of the given animal). This disappearance of inhibition under the 
action of excitation which, so to speak, washes it off, is called disinhibition. 
It arises under the influence of stimuli which evoke external inhibition of 
positive conditioned reflexes. 

Disinhibition is also observed if a certain extraneous stimulus is applied 
during the phase of the inhibitory action of retarded reflexes; the condi- 
tioned reflex also manifests itself during this phase. 
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Active Nature of Cortical Inhibition 


The development of internal inhibition leads to the disappearance of the 
cffect (for example, of the salivary conditioned reflex) produced by the 
conditioned stimulus. Similarly no conditioned reflex is observed when the 
cortical cells are in a state of rest, i.c., when not stimulated by any agent. 

It is easy to sec, however, that the state of inhibition of the cerebral cells 
differs from the resting state. In addition to the phenomenon of disinhibi- 
tion, which could not occur if inhibition were identical with rest, this is 
indicated by other facts. Inhibition in the cerebral cortex is a reaction of 
the cortical cells to stimulation, which sharply differs from the state of rest 
that results from the absence of any stimulating agents. Furthermore, inhi- 
bition is characterized by the fact that it may vary in intensity and can 
irradiate over the cerebral cortex; it spreads from the cortical cells where it 
arises under the influence of the stimulation which inhibits these cells. All 
this testifies to the fact. that inhibilion of the cortical cells is not absence of 
activity, but a specific form of activity; that it is not a state of rest, but an 
active process. Its intrinsic nature is still unknown, but al any rate, internal 
inhibition is, as Pavlov indicated, not identical with fatigue. 

The inhibitory process is intensified by repeated action of the inhibitory 
stimulus. If, for example, a certain conditioned reflex has already been 
totally extinguished, i.e., if the response of the effectors to the action of the 
nonreinforced conditioned stimulus is no longer in evidence, it is possible 
to intensify the inhibition by further application of the inhibitory stimulus. 
This manifests itself in the duration and strength of successive inhibition. 

Ict us suppose, by way of example, that as a result of the extinction of an alimen- 
tary conditioned reflex to a metronome by its application every three minutes without 
food reinforcement, this agent already after the cighth nonreinforcement ceases to 
evoke a salivary conditioned reflex. After that no stimuli are applied for 30 minutes. 
Following this interval the conditioned reflex to the metronome recovers, say, 50 per 
cenl; this means that 30 minutes after total extinction the action of the metronome 
agiin produces half the amount of saliva which characterizes the normal conditioned 
salivary reflex to this agent. In another experiment, after the metronome again cx- 
hibits zero effect following the cighth nonrcinforcement it is used four more times 
witheut rcinforeement (with the same 3-minute intervals between the tests). Now, as 
in the flrst experiment, after an interval of 30 minutes, the metronome evokes no 
secretion of saliva, It follows that after the conditioned reflex has already been fully 
inhibited further application of the metronome without reinforeement leads to inten- 
sification of inhibition expressed in its prolonged aftcreffcct. 

By using delicate differentiations, i.e., differentiations in which the non- 
reinforced stimulus differs very little from the reinforced stimulus, for 
example, when elaborating a differentiation to a sound dillering from the 
reinforced sound only by one-eighth of a tone, we observe greater inhibi- 
tion than when a coarse differentiation is used—for example, to a sound 
differing from the reinforced sound by a half-tone. Successive inhibition 
resulting from a delicate differentiation is more protracted. 

Thus, the process of inhibition in the cerebral cortex is characterized by 
different intensity which in some measure depends on the physical strength 
of the inhibitory stimulus. 

Development of inhibition is often difficult for the nervous system. Im- 
peded development of inhibition is observed, for example, when the inhib- 
itory and excilatory processes develop in closely situated points of the 
cortex (say, when a differentiation is elaborated to stimulations of adjacent 
areas of the skin, or to close tones) or when the inhibitory stimulus acts 
immediately after the positive stimulus. 
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Pavlov emphasized that the nervous system coped with the solution of 
difficult tasks best when there was a gradual transition from easily elabo- 
rated forms of inhibition to more difficult forms. For example, an attempt 
to produce an immediate differentiation between the frequency of a posi- 
tive stimulus—metronome with 100 beats per minute (always reinforced by 
feeding) and a very close metronomic rhythm of 96 beats per minute (not 
reinforced by feeding)—will result in some “breakdown” of the higher 
nervous activity: inhibition of the positive reflex, or, on the contrary, gener- 
al excitation, disinhibition of the previously elaborated differentiations and 
hypnotic phases. But if the differentiation is elaborated gradually—for ex- 
ample, first between 60 and 100 beats of the metronome per minute and 
then 80, 90 and 94 beats per minute—a very delicate differentiation can 
finally be obtained. 

Generally speaking, the process of inhibition is always connected with 
the process of excitation. Pavlov repeatedly stressed the complexity of this 
process. He wrote: “... the question of the relation between excitation and 
inhibition still baffles solution. Is it the same process interchanging under 
definite conditions, or two processes, strongly knit together, revolving under 
certain conditions and showing now more or less and now fully both their 
aspects?’ 

Inhibition and excitation are different aspects of a single process; inhibi- 
tion can arise only under the influence of stimuli which evoke it and which 
usually act upon the cerebral cortex from the receptors. 


The process of cortical inhibition is more susceptible to various influences than the 
process of cortical excitation. Pavlov found that experimental lesions of the cerebral 
cortex, for example, extirpation of separate cortical sections, affected the processes 
of conditioned (internal) inhibition most: after such destruction of a part of the cere- 
bral cortex positive conditioned retlexes recover quite rapidly, the coarsest differen- 
tiations are re-established much later, while the delicate differentiations 
ure irretrievably lost. Similar derangement of cortical inhibition is often 
observed in experimental neuroses and in intoxications (A. Ivanov-Smolensky). In 
these cases inhibition either greatly weakens, which leads to an abnormally extensive 
irradiation of the process of excitation or, on the contrary, spreads to a considcrable 
number of cortical structures. 


Irradiation of Inhibitory Process Over Cerebral Cortex 


The process of inhibition, like that of excitation, arising in the cerebral 
cortex does not remain at the site of its origin, but spreads over the cerebral 
cortex. This phenomenon is called irradiation of inhibition. It is much more 
pronounced in the cerebral cortex than in the lower divisions of the central 
nervous system. 

Irradiation of excitation over the cerebral cortex has already been de- 
scribed earlier as a process which underlies formation of temporary connec- 
tions and the phase of generalization of conditioned reflexes. 

The phenomenon of irradiation of inhibition over the cerebral cortex was 
discovered in Pavlov’s laboratory in a number of experiments (N. Krasno- 
gorsky, D. Fursikov, B. Kogan et al.). 


For example, three little apparatuses for rhythmic mechanical stimulation of the 
skin—so-called “touchers”—were fastened to the skin of the thigh and leg of the ani- 
mal. Stimulation of a certain lower point on the leg by an “inhibitory toucher” was 
differentiated through constant nonrcinforcement by an alimentary unconditioned 
stimulus from the stimulation of two other points, and therefore did not produce a 


* I. Pavlov, Complete Works, Vol. III, Book 2, pp. 207-08. 
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single drop of saliva. Stimulation of the twe other points of the extremity by the 
“positive touchers” was always accompanied by food reinforcement and produced an 
alimentary conditioned reflex of a constant value. Stimulation 15 seconds after 
application of the inhibitory “toucher,” equally inhibited the alimentary conditioned 
reflex in response to the stimulation by both positive “touchers.” Ninety seconds after 
application of the inhibitory “loucher” stimulation by a positive “toucher,” applied 
15 cm. away from the site of the inhibitory stimulation, produced a normal effect. 
wheicas stimulation by a positive “toucher” applied near the inhibitory “toucher" 
(5 cm. away) produced a considerably weaker conditioned reflex than usual. 

This is accounted for by the fact that a process of inhibition arose in the cells of 
the cutaneous analyser of the cerebral cortex, stimulated by the inhibitory “toucher,” 
and irradiated over the cortex (in the given case) embracing all cells of the cutaneous 
analyser in 15 seconds. The conditioned stimulation by the positive “touchers” applied 
at that time reached the inhibited cells of the cortex, owing to which the conditioned 
reficx sharply diminished; 90 seconds after inhibitory stimulation the cortical cells, 
situated farther from the site where inhibition originated, were already free from 
inhibition, and the latter gathered anew, us it were, around the point of its origin, but 
unable as yet to leave the cortical cells situated closer to those stimulated by the 
inhibitory “toucher.” That is why 90 seconds after inhibitory stimulation the positive 
“toucher,” farthest from the inhibitory “toucher.” already produced the usual response, 
while the closer “toucher” still evoked a weakened reaction. 


The rate at which inhibition is irradiated and subsequently concentrated 
depends on the type of nervous system and intensity of inhibition. 


Transitional Phases Between Excitation and Inhibition 


During the transition of the cortical cells from the state of normal excit- 
ability to total inhibition, i.c., at different degrees of their inhibition, the 
reaction of these cells to stimulation passes through a number of phases 
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Fig. 273. Diagrain illustrating transitional hypnotic phases. 
N- strong stimulus; m-- stimulus of modium strength; w- weak stimulus; 
d- differentiation (inhibitory) stimulus, A-—normal forco — relations: 
H- equalization phase; Co paradoxies! phase; J) --ultraparadoxical phann. 

Heights of columns indicate values of conditioned reflexes. 





(which was first demonstrated in Pavlov’s laboratory by I. Razenkov). These 
phases are characterized by different relations between the intensity of the 
reflex and the strength of the conditioned stimulus. Normally the effect of 
excitation in the nerve cells is the greater, the stronger (to a certain limit) 
their stimulation (Fig. 273, A). When the cells of the cerebral cortex begin 
to pass into a state of inhibition, the effects to all stimuli are the first to be 
equalized (usually because of a decrease in the excitatory effect to strong 
stimuli). This is the so-called equalization phase (Fig. 273, B). 

If the inhibitory process is further intensified, the conditioned reflexes 
to strong stimuli almost disappear, while to stimuli of medium strength 
they weaken, and to weak stimuli do not change at all. This is the pare- 
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doxical phase in which the relations between the intensity of the condi- 
tioned reflex and the strength of the conditioned stimulus are great] 
distorted (Fig. 273, C). 
A so-called narcotic phase is sometimes observed during transition of the 
cortical cells to inhibition. In this phase all conditioned reflexes weaken, so 
that they may totally disappear to weak stimuli and markedly diminish to 
strong stimuli. The place of this phase among the others is not clear as yet. 
When the inhibitory process is still more intensified, the conditioned 
reflexes to all positive stimuli completely disappear, while the action of 
inhibitory conditioned stimuli shows a positive effect. This phase is called 
ultra-paradozxical (Fig. 273, D), and is a reaction so far observed only in the 
cerebral cortex. Finally, during transition of the cortical cells to a state of 
complete inhibition all effects to all conditioned stimuli disappear. 


Normal Sleep as Process of Inhibition Irradiated Over Cerebral Cortex; 
Phenomena of Hypnosis 


When conditions for extensive and protracted irradiation of inhibition 
over the cerebral cortex are created, the latter is no longer excited by stim- 
ulations from the external environment, and no longer acts on the skele- 
tal muscles: the head drops, the eyelids close and the body becomes limp. 
The animal lies with its eyes closed and muscles relaxed and docs not respond 
to acoustic, optic or other stimulations; in other words, it falls asleep. 

Numerous experiments performed by Pavlov’s school (N. Rozhansky, 
B. Bierman ct al.) have shown that sleep arises when stimuli which have 
become inhibitory reach the cerebral cortex without opposition from posi- 
tive conditioned stimuli. For example, if the same conditioned stimulus is 
applied often, the cortical cells receiving this stimulation pass into a stale 
of inhibition and the latter irradiates over the entire cortex—the animal 
falls asleep. In dogs this state develops with particular ease when thermal 
or weak mechanical stimulations are applied to the skin. 

Sleep also arises if the interval between the application of the condi- 
tioned and the unconditioned stimuli is prolonged: inhibition due to such 
retardation easily irradiates, and the animal falls asleep. The development 
of sleep under the action of inhibitory stimuli can be largely prevented if 
the inhibitory agents are opposed by stimuli which evoke diverse positive 
conditioned reflexes, i.e., if a mosaic of inhibitory and excitatory points is 
deliberately created in the cerebral cortex. 

Thus, sleep is based on extensive irradiation of inhibition over the cortex 
which can also descend to the nearest subcortical structures. 

Sleep may be evoked by any factor connected with the conditions under 
which it usually sets in in everyday life, for example, by lying in bed. 
The exclusion of positive conditioned and unconditioned stimuli acting 
upon the cerebral cortex is also important for the development of sleep 
(darkness, silence); likewise important is relaxation of the skeletal muscles 
which considerably reduces the flow of impulses from their receptors. The 
significance of the latter factor is confirmed by electrophysiological investi- 
gations which show that in a person falling asleep the tone of the skeletal 
muscles decreases, i.e., the muscular bio-electrical currents diminish or dis- 
appear. 

The importance of the flow of impulses from the receptors to the cortex 
for the maintenance of the animal's alert, active state was first stressed by 
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Sechenov “with wonderful intellectual force,” to use Pavlov’s words. Pav- 
lov elucidated the role of this flow of impulses exciting the cerebral cortex 
as a factor which counteracts the irradiation of inhibition over the cortex. 

The following case convincingly proves the inevitable irradiation of in- 
hibition over the cerebral cortex when stimulating impulses reach it (or 
when the impulses become inhibitory). Hysterical paralysis left a certain 
patient with only one functioning eye and one car. As soon as the patient 
closed his functioning eye he immediately fell asleep. This phenomenon 
was experimentally reproduced by V. Galkin in the laboratory headed by 
A. Speransky: dogs with visual, auditory and olfactory receptors simultan- 
cously removed by surgical operation slept from 20 to 23 hours a day. 
These dogs could be disinhibited only by strong stimulation of the cutane- 
ous receptors. They were also awakened by hunger, i.c., by strong stimu- 
lation of the interoceptors. 


The fact that animals deprived of the cerebral hemispheres also sleep and that 
sleep develops when definite arcas of the tloor and wall of the third ventricle arc 
stimulated in no way contradicts Pavlovs concept of the physiological nature of 
sleep as a process of irradiation of inhibilion originating in the cerebral cortex. Re- 
moval of the cerebral cortex still leaves conditions for irradiation of the inhibitory 
process over the subcortical formations. Emergence of a state of sleep due to stimu- 
lation of the lower divisions of the hypothalamic region could, according to Pavlov. 
alfeet the cerebral coriex like weak stimulations which very easily evoke slecp, At the 
same time this stimulation could block the conduction of impulses from the receptors 
to the cerebral cortex through the thalamus, iœ.. act the way the closing of the eye 
cid in the patient with his other receptors paralyzed, or the experimental exclusion 
of receptors in dogs by Speransky and Galkin, or the severe injury to the ascending 
reticular system in monkeys (Magoun). 


During normal sleep the heart slows down, the blood pressure somewhat 
falls. metabolism decreases, the respiratory rate diminishes, the content of 
carbon dioxide and the concentration of hydrogen ions in the blood slightly 
rise, the kidneys excrete a larger amount of acid producis and the temper- 
ature of the body slightly drops. These changes are undoubtedly connected 
with changes in excitation in the hypothalamic centres, but their actual 
cause is a more or less complete exclusion of the activity of the cerebral 
cortex, with the inhibitory process irradiating over it. 


A change in all the functions of the organism during normal sleep usually occurs at 
night when it coincides with the change in the entire surroundings. But modifications 
of the “vegetative” functions are observed at night even when there is no night sleep. 
In persons who work night shifts, the pulse rate, blood pressure and content of 
varbon dioxide in the alveolar air show changes similar to those observed during 
sleep; it requires complete “distortion” of all conditions of surrounding life to replace 
sleep by wakefulness without any manifestations of the “somnolent” period of the day 
in the activity of the internal organs. For this reason during a trip in the latitudinal 
direction, for example, from Moscow to the Far East. where 10 a.m. corresponds to 
two a.m, in Moscow, all internal organs soon adapt themselves to the changes in the 
daily periodicity of life. while night-watchmen show no such adaptation. 

Irradiation of inhibition over the cerebral cortex in no way completely excludes 
its functions, Though modified in the cerebral cortex during sleep, the action currents 
dy not disappear (Fig. 283). Extensive inhibition of the mass of cortical cells, especially 
inhibition of various intensity, should not be regarded as complete exclusion of all 
the cortical functions from the activity of the organism. Inhibition of the cerebral 
cortex is a specific active state; Pavlov believed it impeded destruction and helped 
restore the substances utilized during the work of the brain. 

By studying the nature of cortical electric potentials (electro-encephalograms) we 
obtain data coinciding with the foregoing facts ascertained by the method of con- 
ditioned reficxes. The action currents of the cerebral cortex sharply change during 
sleep. The rhythm of the electric waves slows down both during normal and hypnotic 
sleep. 
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The fundamental difference between sleep and hypnosis is that in the 
latter case the inhibitory process does not affect the entire cortex, but 
spreads to definite regions, as a result of which there are more or less con- 
siderable areas with normal excitability between the inhibited zones. When 
hypnotizing a person it is important to retain the activity of the second 
signalling system (Chapter 65), by means of which the physician establishes 
verbal contact with the patient for the purpose of treating him by 
suggestion. 

The difference between hypnosis and natural sleep is only quantitative. 
In normal sleep the cerebral cortex (except, perhaps, for separate short 
periods of very profound slecp) is also incompletely inhibited. Against the 
background of diffused inhibition there always remain, so to speak, inter- 
spersed, isolated points which are either in a state of normal excitability or, 
more often. in one of the hypnotic phases. It is the activity of the cortical 
cells in the isolated, disconnected excited points which is the cause of 
dreams. 


Protective Role of Inhibition 


Transmarginal inhibition (p. 629) is a kind of protective mechanism. It 
guards the nerve cells against exhaustion, which would inevitably result if 
the intensity of excitation went beyond a certain limit, or persisted without 
interruption over a definite period of time. 

A cortical cell, Pavlov wrote, “... being, so to speak, a sentry-post of the 
organism, is highly reactive and, therefore. very rapidly functionally de- 
stroyed and fatigued. The inhibition which arises, while not a phenomenon 
of fatigue in itself, appears in the role of a protector of the cell; it pre- 
vents further excessive and dangerous destruction of this exceptional cell. 
During the inhibitory period the cell, released from any activity, recovers 
its normal composition.’* Transmarginal inhibition, protecting the cortical 
cells from exhaustion, may, therefore, also be called protective inhibition. 
This protective property is peculiar not only to transmarginal inhibition, 
but to sleep inhibition as well. 


Not every manifestation of inhibition in the cerebral cortex can be regarded as 
transmarginal inhibition, otherwise each extinguished or differentiated stimulus, be- 
cause of its nonreinforcement, would have to be considered us exceeding the strength 
limit (i.c., as transmarginal). Similarly, one can hardly regard as transmarginal inhibi- 
tion the cases of unconditioned (external) cortical inhibition resulting from the action 
of weak unusual stimuli which evoke only a weak orienting reaction, but readily 
lead to the development of slecp. But this in no way means that the various cases of 
inhibition differ in nature and that transmarginal inhibition is a very special stalte. 
Pavlov was inclined to regard all cases of inhibition, in their essence, as manifestations 
of a single process inseparably connected with the process of excitation; he admitted 
that under certain conditions the energy of the excitatory process could be converted 
into the energy of the inhibitory process, and vice versa. 


Transmarginal inhibition, initially arising in the cortical formations to 
which strong (or frequent, or protracted) stimulations are dispatched, can 
irradiate over the cerebral cortex and produce sleep. 

Pavlov’s theory of the protective role of inhibition has been substantiated 
by a number of experiments. It has been shown, for example, that after 
injection of various poisonous substances (tetraethyllead, bacterial toxins, 
mescaline) sleep, intentionally evoked by the administration of soporifics, 


* Ibid., Vol. IV. p. 263. 
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contributes to a more rapid elimination of pathological disorders, which 
prior to this were sometimes even irreversible (A. Ivanov-Smolensky). 
Treatment by sleep produced appreciable results in the psychiatric clinic, 
especially in cases of schizophrenia and some other diseases. Beneficial 
effects of this method were also recorded—both experimentally and in the 
clinic—in the treatment of severe injuries to the skull and of shock 
(E. Asratyan). The so-called sleep therapy, i.e., the method of artificially 
prolonged sleep, has also yielded positive results in a number of other 
diseases. 


Is the protective slignifleance of inhibition manifested in all cases of its develop- 
ment? 

It would be difficult to give a final answer to this question: but since claboration 
of inhibition is in a number of cases (for example, delicate differentiations) a very 
difficult task for the nervous system, it is doubtful that all manifestations of inhibition 
ure protective. It is well known that in some cases of impeded development of in- 
hibition concentrated inhibition is converted into irradiated inhibition, i.c., sleep. H 
is likewise known that as a result of certain pathological disturbances in cortical 
activity (for example, intoxication), concentrated inhibition is deranged and is often 
ulso succeeded by slcep. 

It is possible that inhibition manifests its protective property with particular force 
only at definite degrees of intensity, especially when it easily irradiates, But the 
development of a more profound process of inhibition like excitation, probably. 
requires a certain amount of work on the part of the cortical cells and may provoke 
the operation of the protective mechanism resulting in a transition to less profound 
phases of inhibition, i.e.. to easily irradiating inhibition. Although this conception 
is still hypothetic, it may help to interpret the difficulty with which the claboration 
of delicate differentiations is connected, and the irradiation of inhibition frequently 
ubserved when the excitatory or the inhibitory processes are overstrained. 

According to Bykov’s assumption (made in 1952), the state of inhibition in the cere 
bral cortex and in the central nervous system in general is always connected with a 
change in the blood circulation, or, in a broader sense, in the “supply” of the 
inhibited nerve cells. The term “supply” signifies all the conditions under which 
the cells are supplicd with and ussimilate compounds, including oxygen consumed 
during their activity. and the elimination by the cells of the unused intermediate 
metabolites. 

There are reasons to believe that all or many groups of nerve cells contain forma- 
tions which function as receptors. It is possible that they are receptors in the truc 
sense of the word; it is likewise possible that each cell has formations with receptive 
functions. This warrants the ussumption that excitation of one group of cortical nerve 
cells can, by means of these receptive formations, i.e., reflexly, evoke changes in the 
blood circulation and in the supply of the other nervous formations functionally con- 
nected with them. Thus it can be assumed that in the course of cortical activity reflex 
changes may arise in the trophic functions of the cortical cells, in their supply with 
nutritive substances and in the conditions under which these substances are assimi- 
lated. At the same time the state of cach group of nerve cells, probably, influences 
their own blood supply. Changes in the supply of oxygen and nutritive substances to 
the cortical cells (and changes in the climination of metabolites) alter the functional 
stale of these cells and their activity (it is a well-known fact that even a slight drop 
or rise in the tension of oxygen dissolved in the blood greatly influences the higher 
nervous activity). Modifications of the amount of blood flowing to some group of 
cortical cells, changes in the permeability of their superficial layer, in the permeability 
of the endothelium of the capillaries and in the properties of the glia must therefore 
substantially influence the activity of the cortical cells and the conditions of their 
transition lo a stale of inhibition or excitation. 

Of course, it would be erroneous to reduce the question of intracortical transmission 
of nervous influences from one neuron to another to the conception of indirect inter- 
acticn between them based on changes in the supply apparatus alone. But there is 
no doubt that all forms of cortical activity cannot be regarded one-sidedly, only as the 
result of impulsive-synaplic interactions between the neurons irrespective of all the 
conditions under which the cortical cells are nourished, conditions which change 
during the activity of these cells, Pavlov was far from treating this question so one- 
sidedly and constantly emphasized that the significance of nervous influences on the 
biochemical state of the tissues should not be overlooked. 
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CHAPTER 62 


INTERRELATIONS RETWEEN EXCITATORY AND INHIBITORY 
PROCESSES IN CEREBRAL CORTEX. ANALYSING AND 
SYNTHESIZING ACTIVITY 


Phenomena of Induction in Cortex 


Induction signifies “the excitatory influence of one proccss upon another 
both in the circumference of ihe centre of the given process and the centre 
itself after the suspension of stimulation which directly provokes the proc- 
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Value of the salivary conditoned reflex | 


Minutes 


Fig. 274. Phenomena of positive 
induction. 


Hoight of ench line indicates value 
of eonditioned antivary reflex : botton, 
to mechanic! stimulation of foreleg: 
top, to bright light. Inhibitory stim- 
tua is indicated by arrow: bottom, 
fo atinulation of hind log: top, to 
weak light. Time indiented along the 
wbscisan. (Taken froin Pavlov's “Lee. 
tures on the Work of the Cerebral 
Tlamiapheres’” and from experiments 
performed by D, Fumikoy wnd 
L. Kalmykov.) 


* Ibid., p. 199. 


ess. This influence ...is mutual, reciprocal: 
the process of excitation leads to intense 
inhibition, and the process of inhibition, 
contrariwise, leads to intense excitation. 
The former is designated by us as the 
negative phase of induction, and the latter 
as the positive phase of induction, or 
briefly—negative and positive induction.* 
Positive induction consists in the fact 
that within a short period of time after 
application of an inhibitory stimulus, for 
example, of a dillerentiation, positive stim- 
ulation addressed io the same group of 
cells or to neighbouring cells produces a 
highly exaggerated conditioned reflex. 


In each of the experiments demonstrated in 
Fig. 274 only one positive stimulus was applicd, 
and one inhibitory stimulus to it—a differentia- 
tion—indicaited by an arrow pointed downward 
from the abscissa. The figure shows that the posi- 
live stimulus applied immediately alter suspen- 
sion of the differentiation always yields a much 
bigger effect than normally, This is an example 
of manifestation of positive induction, With posi- 
tive induction a state of heightened excitability 
arises in the cortical cells adjacent to those in 
which inhibition was evoked just prior to this. 
Because of the heightened excitability the im- 
pulses from the receptors, upon reaching the 
cortical cells when they are in a state of positive 
induction produce an exaggerated cilect. Similar 
phenomena of induction also develop within the 
sume group of cells after the action of inhibitory 
stimulus upon it. 

Fig. 274 also shows that positive induction does 
not suppress the development of successive inhi- 
bition: during the long interval following appli- 
cation of the inhibitory stimulus (differentiation) 
the effect of positive stimulation, which was 
highly intense immediately after the inhibitory 
agent, diminishes. 


Positive induction also manifests itself 
with great force in violent motor excitation, 
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frequently observed in Pavlovs laboratory in dogs after their 
release from the experimental stands in which they were kept for hours 
without motion. In this case inhibition, evoked in the motor analyser by 
the long stay in the stand (with the collar fastened to the cross-beam, the 
legs strapped, etc.), was succeeded by strong excitation when the inhibi- 
tory stimulation was discontinued upon release from the stand. 

Negative induction in the cerebral cortex consists in the emergence of 
inhibition in the cells surrounding the centre of excitation. It circum- 
scribes the irradiation of excitation over the cerebral cortex. 


Negative induction clearly manifests itself in experiments connected with removal 
of differentiations, i.c, when a differentiating stimulus (a “differentiation”), for 
example, a metronomic rhythm of 72 beats per minute, is transformed into a positive 
stimulus by food reinforcement. If the application of a differentiation is accompanied 
by feeding several times in succession, this diflerentiation is usually casily and quickly 
transformed into a positive agent. But if the differentiation rcinforced by feeding alter- 
nates with the action of an invariably positive agent (for example, if a metronomic 
rhythm of 72 beats per minute alternates with another rhythm of 144 beats per 
minute, which is a positive alimentary stimulus), transformation of the differentiation 
is extremely impeded. The thing is that in the latter case (with definite intervals 
between the stimulations) the differentiation always gets into the phase of negative 
induction from a positive agent. This, despite the reinforcement of the differentiation, 
kceps up its inhibitory action. 


Negative induction results in the emergence of inhibition around each 
group of excited cells in the cerebral cortex. When an external agent acts 
upon the organism, or when the interoceptors of the organism are stimu- 
lated, impulses from the receptors always reach the cerebral cortex where 
they create a focus of excitation. Inhibition is induced around it and this 
is manifested in the aforesaid external, or unconditioned, inhibition of the 
conditioned reflexes (p. 628). 


As the differentiation is elaborated and consolidated irradiation of inhibition be- 
cones less extensive and protracted. 

The induction relations between the nervous processes prevent the irradiation of 
cach of these processes over the cerebral cortex. Owing to them, the excited cells are 
surrounded by inhibited cells which are, consequently, in a state of lowered excita- 
bility; at the same time the focus of inhibition is surrounded by cells in a state of 
heightened excitability, 


Positive induction arises at a certain medium intensity of the inhibitory 
process. At the same time the emergence of positive induction docs not 
completely suppress successive inhibition: when a more or less consid- 
erable period of time elapses after the inhibitory stimulation, the stimu- 
lation of neighbouring points produces a weaker effect, even if, owing to 
induction, it earlier produced a strongly pronounced effect, since it was 
applied immediately after the inhibitory agent. 


The study of the phenomena of induction is complicated because the processes of 
excitation and inhibition which determine them and their movement, continuously 
change in intensity and rate of irradiation. over the cerebral cortex. It has been 
denonstrated, for example, that if the stimulation of a small area of the skin (about 
one cm. in diameter) performed with a “toucher” is only once not reinforced by food, 
Stimulation of other arcas of the skin for 10 to 15 minutes after this single nonrein- 
forcement produces values of the conditioned reflex different from normal. The results 
of the experiments keep changing, as the experiments are repcated and inhibition is, 
so to speak, trained. f 


The movement of the cortical processes and the excitability of each 
cortical point fluctuate. Often positive induction is most pronounced at the 
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point of the cerebral cortex closest to the centre of development of inhi- 
bition; at the same time inhibition distinctly manifests itself in the re- 
moter sections of the analyser. 


Generally speaking, phenomena of induction do not belong to the specific properties 
of the cerebral cortex like the phenomena of cortical coupling (elaboration of tempo- 
rary connections) and conditioned (internal) inhibition. Phenomena of induction are 
clearly observed in the activity of the spinal cord; they have also been found by 
studies of the activity of receptors. There is a considerable extcrnal likeness between 
the phenomena of simultaneous and successive induction and the excitability changes 
at the poles of the action of a constant current observed in the nerve and muscle 
fibres (a catelectronus and an elcctronus, succeeded by excitation at the anodal region 
and inhibition at the cathodal region at the break of the current, p. 489). It is possible 
that such likeness to electrotonic changes in excitability depends on common physico- 
chemical processes which underlie these phenomena. 


Functional Mosaic of Cerebral Cortex 


“_.. The infinite mass of natural phenomena,” Pavlov wrote, “continu- 
ously produces positive and negative conditioned reflexes through the 
apparatus of the cerebral hemispheres and thereby determines the entire 
activity, the everyday behaviour of the animal in detail. Each of these 
reflexes must have its own point of application in the cerebral cortex i.e., 
its own cell or group of cells. One cortical unit is connected only with one 
definite activity of the organism, while another unit is connected with 
a different activity; whereas one unit evokes a certain activity, another 
prevents or suppresses it. Thus, the cerebral cortex is a grand mosaic, a 
grandiose signal board. Numerous reserve points always remain on this 
board for the formation of new signalling conditioned stimuli; in addition, 
the previously engaged points more or less frequently change their con- 
nections with various activities of the organism and their physiological 
significance.” 

The functional mosaic in the cerebral cortex significs the distribution 
(at every given moment and under definite conditions) of the excitatory 
and inhibitory processes over a mass of cortical cells, a distribution deter- 
mined by stimulations acting at the given moment on the organism, by 
traces of previous stimulations (in the form of successive and irradiating 
inhibition and excitation, induction relations), and by temporary connec- 
tions elaborated by the organism. The functional mosaic determines the 
activity of every animal at all times. 

The elaboration of a delicate mosaic is sometimes a difficult task for 
the nervous system, but as the mosaic is elaborated it forms more and 
more easily. 

In life there are frequent cases of delimitation between two excited cor- 
tical points, one of which is included in a temporary connection with one 
unconditioned (for example, alimentary) reflex and the other with another 
unconditioned (for example, defensive) reflex. This delimitation is due to 
negative induction arising around each excited cortical centre which has 
formed a temporary connection with cortical representations of different 
unconditioned reflexes, the latter in their turn being delimited by induc- 
tion relations. 


The stronger the unconditioned reflex (within certain limits), the wider the zone 
around the cortical cells excited at the signal of its action which becomes involved 


* Ibid,, p 231. 


in a temporary connection with this reflex (owing to irradiation of excitation). But a 
weaker (and under the given biological conditions less essential) unconditioned reflex 
is connected only with a small zone of the cortical analyser situated close to the point 
directly receiving stimulation from the agent which signalizes it. For example, when 
one tone was the signal of a strong defensive reflex and another tone was the signal 
of an alimentary reflex, the entire nonrcinforced scale of tones, except a very small 
seclion near the “food” tone, provoked this conditioned defensive reflex; the “food” 
tone, however, invariably produced only an alimentary conditioned reflex. 


Analysing and Synthesizing Activity of Cerebral Cortex 


The activity of the cerebral hemispheres ensures constant analysis and 
synthesis of the stimulations both acting upon the organism from the 
external environment and arising in the organism itself. As externally 
opposite, as the phenomena of inhibition and excitation which underlie 
them, analysis and synthesis are inseparably bound up, and are unthink- 
able without each other. 

Nervous synthesis means integration of the action of various stimuli 
upon the organism, their connection with certain functions through the 
reflex mechanism. All phenomena of coupling nervous connections be- 
tween various agents stimulating the receptors and the responsive activity 
of the organism are manifestations of the synthesizing activity of the nerv- 
ous system. Continuous coupling which ensures unconditioned, inborn 
reflexes is an elementary manifestation of the synthesizing activity; aller- 
nating coupling which ensures elaboration of temporary connections, 
owing to which the activity of the organism is determined by the condi- 
tions of action of each stimulus, by the signalling significance of the stim- 
ulus, is the higher form of synthesis—cortical synthesis. 

A number of various agents of the external and internal environment 
always act simultaneously upon the organism by stimulating the huge 
mass of its diverse receptors. The equilibration of the organism with the 
varied conditions of existence is attained only by its different reactions to 
numerous changes in surrounding nature and the organism itself. The 
different reactions of the organism to various agents are possible only 
when each of these agents acts in its own peculiar way and is delimited 
in its action from all other agents. 

Even little-differentiated lower animals and unicellular organisms react 
differently to various agents, if the latter are very dissimilar. Pavlov 
therefore pointed out that “lower degrees of analysis are, of course, also 
inherent in the lower divisions of the nervous system (as in the little-dif- 
ferentiated substance of animals without a nervous system), since even an 
organism deprived of the brain exhibits diverse reactions to stimulations 
of its external surface differing as regards the point of application, inten- 
sity and quality’* (and to different stimulations of its internal environ- 
ment). 

Pavlov regarded as analysers the totality of nervous formations which 
“isolate for the organism separate elements from the complexity of the 
environment...”, each analyser “decomposing a corresponding part of 
the external environment into a long series of individual elements” and 
including a peripheral division—the receptors (“transformers, each of 
which converts only definite energy into a nervous process’), afferent 
nerves and their “cellular brain ends.”** 


* Ibid., p. 123. 
** Ibid., pp. 122-23. 
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The analysing activity is based on the process of inhibition, since this 
process alone checks the irradiation of excitation over the central nervous 
system. The stimulations singled out by the analysing activity are the 
more fractional, the more limited the irradiation over the centres of ex- 
citation which arises in them as a result of the stimulation of each recep- 
tor structure. The activity of the lower centres ensures only such form of 
analysis, as a result of which stimulation of each group of receptors 
evokes a different reflex response, which, however, is always relatively 
constant for the receptive field of each reflex. Such analysis is not only 
rough, but also static; the distribution of inhibition and excitation depends 
primarily on the kind of receptors from which the impulses come to the 
lower centres, and on their frequency and strength, but not on the con- 
ditions under which stimulations were previously applied to the organism. 

The cerebral cortex ensures the effectuation of higher analysis based 
on conditioned inhibition which develops in the cortex, depending on the 
conditions of the action of the stimuli, on their reinforcement or non- 
reinforcement. Due to the process of internal, conditioned inhibition, from 
the mass of stimulations continuously reaching the cortex temporary con- 
nections with certain functions are formed only by the agents and com- 
plexes of agents whose action is reinforced by an unconditioned stimulus 
(or by a previously elaborated conditioned reflex). 

The elaboration of differentiations is the most important factor in the 
analysing activity. 

Schematically the differentiations can be divided into the following 
categories depending on the conditions of their elaboration: 1) differen- 
tiation of the properties of stimuli (height of tones, temperatures, forms 
of various objects, their colours and degrees of brightness, taste and olfac- 
tory agents, and agents acting upon the chemoreceptors of the blood ves- 
sels and tissues); 2) differentiation according to the site acted on by the 
stimulating agent (different areas of the skin, various skeletal muscles, 
tendons and ligaments) and according to the point of origin of acoustic, ol- 
factory, visual, tactile and thermal stimulations; 3) differentiation of stim- 
uli according to the rhythm of their application (different frequencies 
of auditory, cutaneous and optic stimulations, as well as stimulations of 
muscular receptors depending on the rhythm of muscular contractions); 
4) differentiation according to the strength of stimulation; 5) differentiation 
according to the time and sequence of the application of stimuli. 

Thus, impulses can be differentiated according to the quality, site, 
rhythm, strength and time of stimulation of the receptors. 


Complex Conditioned Reflexes and Dynamic Pattern 


Separate variations in the external and internal environment differen- 
tiated by the analysing activity of the cortex are associated by its syn- 
thesizing activity into diverse complexes of agents which, due to elabora~ 
tion of temporary connections, are transformed into signals of various 
reflex acts. 

Very often it is not a single stimulus which forms temporary connection 
with an unconditioned, or previously elaborated conditioned reflex, but a 
complex of stimuli acting on different groups of receptors or on different 
elements of one type of receptors, for example, on different areas of the 
retina, skin, intestinal tract, etc. It is possible to elaborate a complex con- 
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ditioned reflex to combinations of simultaneously acting stimuli, for ex- 
ample, to the flash of an electric bulb and to a tone, to mechanical stimula- 
tion of the skin simultaneously with its cooling, etc. Complex reflexes can 
also be elaborated by a successive application of different agents. For ex- 
ample, if the following stimuli are successively applied for 20 seconds: 
light for 5 seconds, a tone for 10 seconds and mechanical cutaneous stimu- 
lation for 5 seconds, and the action of this successive series of stimuli is 
repeatedly reinforced by food (or by another unconditioned stimulus), a 
conditioned reflex arises to the complex of these consecutively acting agents. 

If a complex conditioned stimulus has been elaborated from agents of 
different strength—a weak and a strong stimuli, each of which, taken sepa- 
rately, did not have any signalling property, the weak component of the 
complex, when applied alone, usually produces no conditioned reflex. Its 
action is overshadowed, as it were, by the strong component. The weak 
agent exerts certain action on the cortex just the same. This is proved as 
follows: if the weak component of the complex is transformed into an inhib- 
itory stimulus by its separate application without reinforcement, the value 
of the conditioned reflex to the complex of the weak and strong agents 
markedly decreases. 


After numcrous reinforcements of the complex as a whole, its individual agents 
lose their effect if applicd scparately (in monkeys this occurs with greater casc than 
in dogs). Consequently, cortical synthesis is not a mere summation of the action of 
agents, but a formation of a new reflex act. 


Differentiation of complex conditioned reflexes. If a certain complex of 
stimuli is constantly reinforced by food, and a complex of the same agents 
but acting in another sequence is not reinforced by an unconditioned stim- 
ulus, these complexes become differentiated. It has been shown (E. Asra- 
tyan et al.) that the same agent acquires different signalling properties 
depending on the conditions under which it acts. For example, by reinforc- 
ing the sound of a bell by alimentary stimulation in one room, and by elec- 
tric stimulation of the skin in another room, it is possible to obtain an 
alimentary conditioned 
reflex with the help of A 8 
the bell in the first room 
and a defensive condi- 
tioned reflex inthe other. 

The significance of the 
differentiation of com- 
plex stimuli becomes 
particularly obvious if 
we recall that one word 
is distinguished from ” ” 4 7#¢" M t F P 7 r na A F : 
another and one sen- ; 

: siete i Fig. 2 i ‘xperi iow ay A) and 
tence is distinguished YE ee i eer mement (B) by one stimula (ight) 
from another sentence Heighta of columns indicate values of conditioned salivary reflex. 
only by a different se- M- mctronome, Bl,.--bell, L-—Tight, 7'-—tone, m-d—diilerontiation 
quence of sounds, syl- to metronome. 
lables and words. 

Dynamic pattern. The synthesizing function of the cortex is also clearly 
demonstrated in experiments with conditioned reflexes elaborated accord- 
ing to the so-called pattern method. This method of elaborating conditioned 
reflexes consists in the fact that in the course of each experiment the con- 
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ditioned stimuli are applied in an invariable order as regards their sequence 
and intervals between their application. The fixed order of phenomena of 
the external world is imprinted upon the activity of the cortex in the form 
of a “dynamic pattern,” i.e., a single functional complex in which the action 
of an individual stimulus depends on more or less constantly recurring 
conditions and the sequence of this action in the series of other agents. This 
is proved, for example, by the following fact: if during one of the experi- 
ments the diverse stimuli of an elaborated pattern are replaced by the 
action of only one of them and the latter alone is applied at all points of the 
pattern, it will produce effects peculiar not to itself, but to the stimuli 
which occupied their respective points in the pattern (Fig. 275). These and 
other experimental data warrant the important conclusion that the cerebral 
cortex, which not only analyses, but also synthesizes all the stimulations 
received, functions as a very complex dynamic integral system. 

Experiments show that the process of elaboration of a dynamic pattern 
entails certain difficulties for the cortex. At the same time the maintenance 
of an already established pattern is the easiest form of cortical activity. The 
reverse process—destruction of an elaborated pattern, and especially its 
replacement by a new one, likewise makes great demands on the cortical 
cells, which in certain cases may lead to pathological disturbances in higher 
nervous activity. 


CHAPTER 63 


TYPES OF NERVOUS SYSTEM AND FUNCTIONAL PATHOLOGY 
OF CORTICAL ACTIVITY* 


Types of Nervous System 


Practice shows that individuals of a definite species of animals possess, in 
addition to the general traits characteristic of all individuals of the given 
species, specific traits inherent in these individuals alone. This is also true 
of the functions of the cerebral hemispheres; it is precisely the various 
individual peculiarities in the activity of the cerebral hemispheres that are 
mainly responsible for the individual features of the organism’s functions. 

The activity of the cerebral cortex is characterized, in the first place, by 
& property which Pavlov called the strength of the nervous processes. The 
concept of strength ensues from the concept of the efficiency of the cortical 
cells; it relates both to the excitatory and inhibitory processes. It is well 
known that a strong stimulus produces a strong effect only when the inten- 
sity of the stimulus does not go beyond a certain limit. If this limit is 
passed, the excitatory process is succeeded by a process of inhibition, as a 
result of which the value of the reflex to such a supramaximal stimulus 
diminishes (transmarginal inhibition). Thus, it is possible to measure the 
limit of the working capacity of cortical nerve cells as regards the excita- 
tory process they develop. Experience shows that there are strong types of 
nervous system, characterized by high efficiency, and weak types with low 
limit efficiency. 

Furthermore, the activity of the cerebral hemispheres is characterized by 
the property of equilibrium. This term signifies the correlation or balance 
between the strength of the excitatory and inhibitory processes. Both proc- 


* This chapter was written by the late Prof. Podkopayev. 


646 


esses may be of equal strength; in this case it is an equilibrated nervous 
system. But sometimes one process is more pronounced than the other, and 
then it is an unequilibrated type of nervous system. 

The third important property characterizing the work of the cerebral 
hemispheres is the mobility of the nervous processes. Since normally and 
under experimental conditions there are frequent cases when one process 
in a functional cortical centre must be rapidly succeeded by another proc- 
ess (for example, excitation by inhibition and vice versa), it is very impor- 
tant that the basic cortical processes be sufficiently mobile. Practice shows 
that there are mobile nervous types with one nervous process easily and 
rapidly followed by the other, opposite process, and inert, stagnant types in 
which this interchange is slow and difficult. 

Classification of types of nervous system. Studies of a very large number 
of various experimental animals by means of special tests have revealed, at 
least as regards dogs, the following four principal types of nervous system: 

1, The sanguine, lively type. This is, so to speak, the ideal type in the 
centre of the classification. It has well-developed basic functional proper- 
ties of the cortical cells: strong excitatory and inhibitory processes, both 
processes almost equally strong-—equilibrated, and very mobile—both 
nervous processes rapidly and easily replace each other. 

2. The melancholic or weak type. The most characteristic trait of the 
animals of this type is low efficiency of the cortical elements, which easily 
gives rise to transmarginal inhibition in them. In this type both the excita- 
tory and inhibitory processes are weak, with the processes of inhibition 
predominating in the cortical dynamics. Dogs of this type show traits in 
their behaviour usually called timidity and cowardice. There are many 
variations within this type. 

3. The choleric, or impetuous type. Both nervous processes are very 
strong in animals of this type but the excitatory process greatly predomi- 
nates over the relatively weaker inhibitory process. Hence the characteris- 
tic trait of this type is disequilibrium. This type undoubtedly also has 
variations. 

4. The phlegmatic or calm type. The characteristic trait of this type is 
lack of mobility, i.e., inertness of the cortical processes. Though the animals 
of this type sometimes have very strong and equilibrated nervous systems, 
their nervous processes replace each other slowly and with difficulty. 

On the basis of the foregoing it is possible to draw the following diagram 
of the principal types of nervous system: 


«4 Unequilibrated 

Strong < x Mobile 
4 Equilibrated : 

Weak “Inert 


It will be observed that, like any classification, this is only a convenient 
scheme. In addition to the aforesaid types, there are various intermediate 
types. 

The specific characteristics of each individual nervous system result from 
the complex interaction between the inborn traits and those acquired 
through the various interactions of the animal with the surrounding envi- 
ronment in the course of individual development. Experience shows that 
inherited traits may change essentially because of the high plasticity of the 
cerebral hemispheres. There are, for example, obviously cowardly dogs, but 
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tests of their cortical activity show a strong and mobile rather than weak 
nervous system. There are also reverse cases. The cause of such divergence 
lies in the conditions under which the dogs were raised in the early period 
of their life. If a litter of newborn puppies is divided into two groups, of 
which one is constantly kept in a kennel and the other is raised under free 
conditions, the first group will show passive defensive reactions, while in 
the second group no passive defensive behaviour will be observed, though 
both groups include animals belonging to the same litter. 

By careful training based on the knowledge of cortical activity it is 
possible considerably to “improve” the weak type of nervous system in 
dogs and to make it comparatively stronger. Thus, inherited traits are not 
something fatal and inevitable, but can be changed. 

The concept of type of nervous system is not confined to the physiolog- 
ical properties which directly characterize the functions of the cerebral 
cortex. The specific traits of the type are also reflected in other systems of 
the organism. Thus, from the physiological point of view, type is a definite 
variation of the organism as a whole. It has been found (by M. Petrova et 
al.) that in animals with different types of nervous system changes and dis- 
turbances in the activity of the internal organs (kidneys, liver), i.e., patho- 
logical processes, do not proceed with equal ease and are characterized by 
certain peculiarities. It is true that the facts so far accumulated do not yet 
make it possible to predict exactly what way a particular pathological proc- 
ess will develop in various types of nervous system; however, the signifi- 
cance of the type characteristics as a factor which influences various func- 
tions of the organism undcr normal and pathological conditions can no 
longer be doubted. 


Pharmacological and Endocrine Influences on Cerebral Hemispheres 


Various pharmacological substances exert a strong influence on the func- 
tions of the cerebral cortex. 

Of these pharmacological substances acting upon the nervous system 
bromides have long been known and widely used in medicine. Administra- 
tion of certain doses of bromide accelerates elaboration of differentiations, 
retarded reflexes and other forms of internal inhibition, intensifying and 
concentrating it. This limits the irradiation of inhibition from its point of 
origin in the cerebral cortex, and phenomena of positive induction become 
more pronounced. Administration of bromides thus improves and makes 
more precise the equilibrium between the processes of excitation and inhi- 
bition. The weaker the process of internal inhibition, depending on the type 
of nervous system or functional disturbances of the cerebral hemispheres, 
the smaller the dose of bromide to be administered. 

Caffeine intensifies the process of excitation in the cerebral hemispheres 
and is thus in a certain measure the physiological antagonist of bromide. 
Caffeine increases the excitability of the cortical cells, and the animal usu- 
ally reacts to a stimulus more energetically and impetuously. Here, as in 
the case of bromide, the effect depends on the type of nervous system, the 
dose of caffeine and the functional state of the cerebral hemispheres. The 
weaker the nervous system, the smaller the dose that must be administered 
to obtain a useful effect. 

The influence of endocrine disturbances on the higher nervous activity of 
man and animals has long been known in medicine. Hormones greatly in- 
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fluence so sensitive an organ as the cerebral hemispheres, and any change 
in the content of various hormones in the blood therefore markedly modi- 
fies the conditioned reflexes. 

The influence exerted on the higher nervous activity of dogs by changes 
in the functioning of the sexual glands is now very well known. It has been 
found that increased activity of the sexual glands in female dogs during the 
heat and pregnancy produce changes in the cortical processes expressed in 
a fluctuation of the excitatory and inhibitory processes. A stable focus of 
excitation in the central nervous system during the performance of the 
sexual functions influences a number of conditioned reflexes evoking their 
external inhibition. 

Numerous expcriments have shown that castration of the male dogs 
weakens their cortical activity; for a certain period after the operation it 
is the inhibitory process that is particularly disturbed (M. Petrova). Some 
time later this is followed by periods of normal cortical work which are 
succeeded by periods of its chaotic work. Finally, the castrates that had the 
strong type of nervous system before the operation recover their normal 
efficiency. But a difficult nervous task—a delicate differentiation, a com- 
plex pattern, etc., imposed on a castrate—suffices to reproduce the patho- 
logical disorders in the activity of the cortex. In representatives of the 
weak types of nervous system the consequences of castration are even more 
pronounced. 

Removal of the thyroid also results in marked disturbances in the activity 
of the cerebral cortex. Particularly striking results have been obtained in 
young, growing animals. In thyroidectomized puppies it is impossible to 
elaborate any alimentary conditioned reflexes whatever. 


Functional Pathology of Cerebral Hemispheres 


The work of Pavlov and of his school made it possible to induce function- 
al disturbances of the cortical activity experimentally and invariably to 
obtain experimental neuroses. 

The most effective method used in producing experimental neuroses is 
the overstrain of the basic processes in the cerebral cortex—excitation or 
inhibition. A neurosis can be obtained, for example, by overstraining the 
excitatory process as a result of a more or less protracted application of 
excessively strong stimuli, or by overstraining the inhibitory process; the 
latter can be achieved, for example, by the prolongation of the action of 
differentiating stimuli, or by the application of delicate differentiations, 
when the nonreinforced inhibitory stimulus is very close to the positive 
one. The emergence of a neurosis results in a so-called “breakdown” which 
may manifest itself in a predominance either of the excitatory or the inhib- 
itory process. If the excitatory process predominates differentiations dis- 
appear; saliva—in experiments with alimentary conditioned reflexes—is 
secreted during the intervals between the conditioned stimuli; motor exci- 
tation appears; normal correlations between the intensity of the stimulus 
and the value of the conditioned reflex are deranged. If the inhibitory proc- 
ess predominates, positive conditioned reflexes weaken and disappear, 
drowsiness develops and the animal sleeps during the experiment. Various 
manifestations of the breakdown are also obtained through overstraining 
the mobility of the nervous processes, for example, by transforming the 
positive stimulus into an inhibitory, and at the same time by converting the 
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inhibitory agent into a positive agent. Neurotic states may also arise as a 
result of interference with the normal work of the endocrine glands, i.e., 
in castration, thyroidectomy, etc. Neurosis is generally characterized by 
chaotic and inadequate behaviour. 

Functional neuroses are easily obtained in representatives of the ex- 
treme types of nervous system, i.e., in representatives of the unequilibrated, 
impetuous type (‘“cholerics”), and, particularly, in animals with a weak 
inhibitory type of nervous system (“melancholics”). In the former the 
breakdown is mainly characterized by a predominance of excitation, while 
a disturbance of the already weak excitatory process and breakdowns with 
a still greater predominance of inhibition are characteristic of the latter. 
Thus it is the “extreme types” which are the chief “suppliers” of neuroses, 
although breakdowns of the normal higher nervous activity can, of course, 
also be produced by special measures in the strong—sanguine and phleg- 
matic—types. 

As a rule, neuroses do not manifest themselves immediately after the 
application of pathogenic agents, but one or even several days later. The 
pathophysiological process, which underlies the chaotic and inadequate 
behaviour of the animal, is characterized by the following phenomena: 
1) the cortical nerve cells weaken, i.e., their efficiency is reduced; 2) chronic 
hypnotic phases appear, sometimes persisting for months (paradoxical, 
ultra-paradoxical and other phases); 3) inertness of the nervous processes 
(more often of the excitatory process) or, on the contrary, excessive, patho- 
logical mobility of the cortical processes develops (especially of the exci- 
tatory process again). Pathological inertness takes the form of a reaction 
which arises extremely precipitately at the moment stimulation begins and 
during this stimulation is replaced by inhibition (picture of the so-called 
explosiveness, or “excitatory weakness”). 

The foregoing are the features peculiar to all experimentally induced 
neuroses. 

Experimental neuroses in animals, evoking pathological deviations in the 
higher nervous activity, often lead to grave disorders of the functions of 
the internal organs. 

For example, protracted changes in the bile-secreting function of the 
liver, disorders of diuresis, severe trophic lesions of the skin (M. Petrova, 
Bykov, Ussievich), changes in blood formation and in leukocytosis were 
observed in dogs under the action of factors leading to a breakdown of the 
higher nervous activity (Chernigovsky and Yaroshevsky). 

In experiments with monkeys “day” was replaced by “night” and vice 
versa by artificial illumination and darkening; after the periodicity of the 
physiological functions in the monkeys was established at the given 
rhythm of alternation of “day” and “night” the elaborated pattern 
was deranged again and a new rhythm of alternation of light and 
darkness was introduced. This repeated strenuous exercise of the lability 
of the nervous processes, as a rule, produced hypertension and in somc 
cases grave heart diseases in hamadryads and macacos. Prolonged and 
pradual rise in arterial pressure after such influences was also observed by a 
number of investigators in dogs. Protracted disorders of cardiac activity, 
sometimes approximating to the picture of infarction of the miocardium 
and even leading to death were easily provoked in cats by electric stimula- 
tion applied to their lips at the moment they were grasping pieces of meat 
(Kurtsin). But similar stimulation of the lips applied not at the moment of 
grasping food, did not evoke any cardiac disorders in them. It is interesting 
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to note that pathological disturbances of cardiac activity, hypertension and 
breakdowns of the higher nervous activity almost invariably arise not 
immediately after the difficult tasks imposed on the nervous system, but 
some time later (for example, in the foregoing experiments with monkeys 
they arose 2 or 3 weeks after their return to the natural alternation of light 
and darkness). 


CHAPTER 64 


FUNCTIONS OF VARIOUS REGIONS OF CEREBRAL CORTEX 
Methods of Studying Localization of Functions in Cerebral Cortex 


One of the most important questions of the physiology of the cerebral 
hemispheres is the question of correlations between different functions 
of the cerebral cortex and the activity of its various structural formations, 
the question of the “adjustment of the dynamics to the structure” (Pavlov). 

Until the seventies of last century it was almost universally recognized 
in physiology that different regions of the cercbral cortex were equiva- 
lent in their role (or, as it is sometimes said, equipotential). This view 
was based on the experiments of Flourens (between the twenties and 
thirties of the 19th century) who failed to disclose any distinctions in the 
consequences of extirpation of various parts of the cerebral hemispheres 
in pigeons. The situation changed when Hitzig and Fritsch demonstrated 
in 1870 that stimulation of definite regions of the cerebral cortex invari- 
ably led to contraction of certain muscle groups. Abundant experimental 
material accumulated already in the 19th century by Ferrier, Munk, Lu- 
ciani, Ewald, Danilevsky, Monakow, Sherrington, Bekhterev and other 
researchers warrants the confident assertion that the result of stimulation 
or extirpation of various parts of the cerebral cortex depends on the 
region of the cortex to which the stimulated (or extirpated) part belongs. 


The alrcady mentioned method of stimulation consists in observing the reactions 
of the animals (usually dogs, cats and monkeys) during the application of stimuli to 
some, very definite parts of the cerebral cortex. Electrical stimulation is used for this 
purpose most frequently and sometimes certain chemical agents (for example, strych- 
nine was used by Dusser de Barenne, absinth—by Orbeli). In some cases the cerebral 
cortex can also be stimulated in man when it is exposed during an operation on the 
brain: if local anaesthesia is used during the operation, it is possible to find out the 
sensations that arise in the patient and the movements he performs under delicate 
stimulations of different parts of the cerebral cortex (Penfleld ct al.). 

The second method used in studying the specific functions of various parts of the 
cerebral cortex is the method of extirpation, i.e, removal of some part and subse- 
quent thorough observation, for as long a time as possible, of the changes which mani- 
fest themselves in the behaviour of the animal. This is a coarse method; it is almost 
impossible to extirpate only a certain part of the cortex without injuring the neigh- 
bouring parts. The results of extirpation always depend not only on the removal of the 
extirpated part (or the part destroyed by coagulation), but also on stimulation of the 
intact parts of the cerebral cortex by the opcrative trauma. Furthermore, changes in 
the animal’s condition after extirpation depend on the phenomena of compensation 
of functions, i.c., replacement of the functions of the removed cortical section by the 
activity of its other divisions, and secondary stimulation which is caused by the growth 
of the scar tissue. It would, therefore, be wrong to think that the changes observed 
after extirpation of a part of the cortex depend only on the removal of the given part; 
after removal of a part of the cortex the remaining parts of the cerebral cortex and 
the lower formations of the central nervous system exhibit somewhat different prop- 
erties from those before the operation. Despite these defects, however, the method of 
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extirpation has provided physiology with numerous valuable facts, Since the most 
pronounced and constantly recurring changes in the state of the animal’s condition 
following extirpation of a certain part of the brain largely depend on the disappear- 
ance of the functions of the removed part of the cerebral cortex. : 

Clinical observations are particularly important for understanding the localization 
of functions, since they make it possible to judge the role of the various divisions of 
the human cerebral cortex. The clinic ascertains the symptoms which invariably result 
from destruction of certain parts of the cortex (for example, after haemorrhage, 
thrombosis of the brain vessels, injuries or wounds, and surgical removal of a part 
of the cortex affected by a tumour). 


Cyto-architectonic Areas of Cerebral Cortex 


In 1874, V. Betz, a Kiev neurologist, discovered giant pyramidal cells, 
now bearing his name, in the anterior central convolution and came out 
with the statement that “each area of the cortex differs in structure 
from all other areas of the brain.’* 

It has now been established that different areas of the cerebral cortex 
are characterized by certain distinctions in the delicate structure of their 
cells (so-called cyto-architectonics) and by a different disposition and 
distribution of the nerve fibres (so-called myelo-architectonics). The in- 
vestigations of Vogt, Brodmann, Economo and a number of scientific work- 
ers of the Moscow Institute of the Brain, headed by S. Sarkisov, disclosed 
about 50 various sections of the cerebral cortex (usually designated by 
numbers)—cortical cyto-architectonic areas, each of which differs from 
all other areas by delicate, sometimes almost imperceptible, peculiarities 
of form, density of disposition of the nerve cells and fibres and their 
distribution. 


Consequences of Total Extirpation of Cerebral Cortex 


Complete extirpation of the cerebral cortex in mammals (dogs) was 
first performed about 60 years ago by F. Goltz. After a series of succes- 
sive operations Goltz left in the crania of the dogs only the medulla oblon- 
gata, the midbrain with the cerebellum, the corpora quadrigemina, the 
thalamus and part of the corpus striatum. These dogs were kept alive 
for about one year and a half by being very well cared for, artificially 
fed (the food was put into their mouths) and protected from any noxious 
agents. Deprived of the cerebral cortex they were unable to take food 
without assistance, to avoid injurious stimulations, to react to food and 
to answer to their names. 

On the basis of these experiments Goltz (as was earlier done by Flou- 
rens on the basis of total extirpation of the cerebral hemispheres in birds) 
emphasized that removal of the cerebral cortex completely deprived the 
dog of its normal orientation in the environment. Interpreting his re- 
markable investigations in concepts and terms borrowed from psychol- 
ogy, Goltz stated that a decorticated dog lost the ability to understand. 
to recognize, to remember facts and objects. Only when the theory of 
conditioned reflexes was developed by Pavlov could the profound dis- 
turbances in the behaviour of animals arising after complete extirpation 
of the cerebral cortex be explained by the loss of all previously elaborated 


* Cited from L. Kukuyev’s book V. A. Betz, 1950. 
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conditioned reflexes and the inability to elaborate new temporary con- 
nections. 

The removal of the cerebral cortex manifests itself not only in the dis- 
appearance of all the organism’s reactions to signalling stimulations of 
the external environment, reactions acquired during the lifetime; dis- 
appearance of the conditioned reflexes, especially to interoceptive stimu- 
lations included in the pattern of a number of complex reflex acts, also 
modifies the activity of the internal organs. B. Bayandurov demonstrated 
(on birds and rodents) that removal of the higher division of the brain 
greatly influenced trophic activity, i.e., nutrition of the tissues, their 
supply with nutritive substances and the assimilation of these substances 
by the tissues. Removal of the cerebral hemispheres markedly retards 
the growth of young animals and changes their metabolism; normal 
daily periodicity is deranged (A. Slonim). Removal of the cortex makes 
impossible certain phenomena of compensation of functions which nor- 
mally arise, for example, after the transplantation of tendons (p. 547), 
suturing of nerve trunks, and injurics to the spinal cord or cerebellum 
(E. Asratyan). 

Experiments with complete extirpation of the cerebral cortex cannot 
reveal the peculiar properties of its various parts. This can be done best 
by experiments based on injuries to more or less limited areas of the 
cortex. 


Consequences of Extirpation of Various Parts of Cerebral Cortex 


Removal of different parts of the cerebral cortex produces diffcrent 
results. Removal of the occipital lobes results in the derangement of the 
animal's reactions to optic stimulations; removal of the temporal lobes 
deranges the reactions to acoustic stimulations; destruction of the cor- 
tical areas surrounding the cruciate fissure causes motor paralyses and 
disturbs the reactions to cutaneous stimulations. These observations gave 
rise to the thesis that the occipital lobes of the cerebral cortex were con- 
nected with the reception of optic stimulations; the temporal lobes, with 
acoustic stimulations; and the parictal lobes, with cutancous stimulations 
(localization of smell, taste and particularly of pain sensibility and rep- 
resentation of the interoceptors in the cortex has not yet been adequately 
ascertained). Hence the concept of various sensory areas—visual, 
auditory, cutaneous, each of which occupies a certain part of the cerebral 
hemispheres: the visual zone is located in the occipital lobe; the audi- 
tory, in the temporal lobe; the cutaneous, in the parietal lobe. 

Development of the method of studying conditioned reflexes, which 
made it possible to investigate the principal mechanisms of the higher 
nervous activity, enabled physiology to study objectively the consequences 
of extirpation of various parts of the cerebral cortex. This was accom- 
plished by Pavlov and his school. 

As before stated, the formations of the cerebral cortex, which receive 
impulses from the receptors, constituting the peripheral division of the 
given analyser, were designated by Pavlov as the cortical division (or 
cortical end) of each analyser (Fig. 267). Thus the cortical division of the 
visual analyser receives impulses caused by stimulation of the visual re- 
ceptors (retina); the auditory analyser receives impulses from the audi- 
tory receptors; the interoceptive analyser, from the interoceptors, etc. 
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The material relating to the localization of functions should therefore be 
interpreted in the light of these concepts of analysers, i.e., of the cortical 
formations which analyse and synthesize the stimulations coming to the 
cortex. 

Pavlov’s investigations showed that if various paris of the cerebral 
cortex were extirpated in the dog, the nature of the disturbances of con- 
ditioned reflex activity in response to stimulation of different groups of 
receptors depended on the area of the cerebral cortex destroyed. Removal 
of the dog’s occipital lobes disturbs the optic conditioned reflexes most; 
removal of the temporal lobes affects the acoustic conditioned reflexes; 
removal of gyr. coronarius and ectosylvius (Fig. 276), the conditioned re- 
flexes to stimulation of the skin; 
and the removal of gyr. sigmo- 
ideus, the conditioned reflexes 
elaborated to the passive flexion 
of the extremities. 

Disturbances of conditioned re- 
flex activity resulting from de- 
struction of the cortical division of 
any analyser are manifested in 
the following phenomena: during 
the first days after extirpation of 
acertain part of the cerebral cortex 
all, or almost all of the dog’s 
conditioned reflexes disappear. 
(For the sake of simplicity let us 
assume that symmetrical cortical 
parts of the same name are re- 
moved in both hemispheres simul- 
taneously.*) It is a result of the 
harsh “blow” upon the cerebral 
Fig. 276. Nuclear part of motor analyser hemispheres, of the irritation 
(shaded) and of cutaneous analyser (crosses) caused by the operative trauma. 

in dog (after N. Krasnogorsky). But the unconditioned reflexes, 

such as salivation, winking, con- 

striction of the pupil, jerking back the extremity in response to noxious 

stimulations, and the unconditioned orienting reflex to sudden, unusual 

stimulations, persist and can be observed almost immediately after the 
operation. 

Several days after the operation conditioned reflexes to stimulation of 
all receptors recover, except those whose impulses were directed mainly 
to the extirpated areas of the cerebral cortex, or to parts injured by the 
operation; subsequently, if the damage to the cortex is not extensive, 
these conditioned reflexes also recover. For a very long time, however 
(and even for ever if the damage is substantial), the conditioned reflexes 
from these receptors alone remain generalized, and the differentiations 
disappear. Elaboration of conditioned (differentiating) inhibition to stim- 
ulations—not reinforced by an unconditioned reflex-—of receptors con- 
nected with the damaged part of the brain is extremely impeded and is 





* Actually, the various parts of the cercbral cortex are usually removed in several 
stages with intervals of many days bctwcen them, since simultaneous exclusion of 
large areas of the cortex often leads to the animal's death in the first post-operative 

ays. 
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never fully possible. If the ability to elaborate differentiations is restored 
when the cortex is only slightly damaged, this ability is confined to dif- 
ferentiation of sharply differing agents. For example, after slight damage 
to the temporal zone it is possible to elaborate in the dog a differentiation 
between the sound of a metronome reinforced by food and the sound of 
a bell not reinforced by any unconditioned stimulus, but it proves im- 
possible to obtain a differentiation between the different frequencies of 
the metronome; even when the cortical end of the auditory analyser is 
only slightly injured it is impossible to obtain a differentiation, say, be- 
tween an ascending and descending series of tones; at the same time the 
ability to differentiate between considerably differing tones is retained. 

Thus, dogs with the cortical division of some analyser greatly damaged 
retain the ability to claborate conditioned reflexes to the stimulation of 
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Fig. 277. Diagram of disposition of nuclear and peripheral parts 
of brain terminals of various anelysera in cerebral hemispheres 
of the dog. 


Black circles—cetls of viaual analyser; crosses —cells of auditory analyser; 
T-shaped symbols, cells of cutancous and muscular analysers; white circles 
(according to data of several authors)—-cells of taste anulysor. 


the peripheral division of the given analyser. But the greater the damage, 
the more affected the elaboration of the inhibitory process which under- 
lies the analysis of various stimulations of the receptors; the higher syn- 
thesis, the ability to elaborate conditioned reflexes to complex stimuli 
and their differentiation, is also deranged. 

Fig. 277 shows the location of the brain ends of various analysers in 
the dog's cerebral cortex (these brain ends were previously called sen- 
sory zones). It shows that the cortical division of the cutaneous analyser 
is situated mainly in gyr. coronarius and ectosylvius; that of the motor 
analyser, in gyr. sigmoideus; of the visual analyser, in the occipital lobe 
of the cortex; of the auditory analyser, in the temporal lobe. It also shows 
that none of the cortical divisions of the various analysers in the dog rep- 
resent strictly limited areas, but cover one another by their borders, 
and, consequently, overlap one another. This is testified to by the fact that 
dogs retain the conditioned reflexes to stimulations of the peripheral di- 
vision of each analyser after extensive injuries to the cerebral cortex. 
Paviov, therefore, considered each analyser to consist of a nuclear part 
and of a part dispersed over the cortex. The nuclear part represents a 
thorough and exact projection of all the elements of the peripheral re- 
ceptor in the cortex and is indispensable to complex forms of conditioned 
refiex activity, such as elaboration of delicate differentiations, formation 
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of complex conditioned reflexes, etc. As to the part of each analyser dis- 
persed over the cortex, its cells are the “dispersed elements” which may 
be encountered far from the nuclear part (for example, cells receiving 
acoustic stimulations may be situated in the anterior parts of the cerebral 
hemispheres). 

Pavlov conducted all his studies, relating to the consequences of cxtir- 
pation of various parts of the brain, on dogs. Investigations carried out on 
other animals show that in the lower mammals, in rodents, and in birds, 
the localization of functions is less distinct. This is due to the slight struc- 
tural distinctions between the various parts of the cerebral cortex in the 
lower animals. And this is why the data relating to rats in a certain 
measure coincide with the old data of Flourens who denied (on the basis 
of his experiments with birds) any localization of functions in the cere- 
bral cortex. Rabbits, however, show distinctions between the functions 

of various parts of the cortex; 

Gcpifal this is testified to by the pic- 

aret ‘ures of bio-electrical currents 

led off from different parts of 

the cerebral cortex (S. Sar- 
kisov, M. Livanov). 

The study of the effect of 
extirpation (and stimulation) 
of the cerebral cortex in mon- 
keys shows that the localiza- 
tion of functions in the cortex 
of these animals is more pro- 
nounced than in the beasts of 
prey; but this localization is, 
apparently, more delicate in 
Vig. ay Arca a PET Aeae ee apes (the chimpanzee and the 
and motor an BETS ols owi ojoct or d 
skin and Miiinloa of arms, legi and head; arean of orangoutang) than in macacos 
auditory analyser (dashes) and visual analysor and marmosets. This is ex- 
(crosses) in monkey (macaco) (after Dussor de Ba- pressed in the fact that in the 

renne, with mod fications). former the areas of the brain 
occupied by the nuclear parts 
of the cortical divisions of various analysers are separated from 
each other (Fig. 278). It is possible that these areas are separated by such 
parts of the cortex which receive few axons from the cells of the thala- 
mus, i.e., fibres transmitting excitation from the receptors to the cerebral 
cortex. In monkeys and in man the cells, to which impulses are con- 
ducted from each group of receptors along the axons ascending from 
the thalamus, are, apparently, dispersed less. There is also no doubt that 
in the course of the interconnected development of the functions and 
structure of the cerebral cortex the ability of the latter to form a fine 
mosaic of excited and inhibited points continuously increases. Indicative 
in this respect is the fact that in a number of rodents the action of a strong 
acoustic stimulus often leads to convulsive fits, which is not observed in 
mammals with a more developed cortex. In monkeys and, all the more. 
in man the compensation of functions of the damaged division of the 
cortex by the activity of the remaining, intact divisions is less pronounced 
than in dogs. 

Functions, lost during the first days after injury to the cortical division 

of an analyser, recover to a certain extent even in man. It is still 
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unknown, however, whether this is due to a real substitution of the func- 
tions of the extirpated part by the activity of the intact parts, or to the 
fact that with the lapse of time the pathological state in the intact parts 
of the cortex caused by the operation (haemorrhage or wound) dis- 
appears. 

In apes and in man definite points of definite cortical areas correspond 
to each group of receptors. Different groups of receptors, for example, 
the tactile receptors of different areas of the skin and different 
fibres of the organ of Corti correspond to various groups of 
cells in the cortical divisions of their respective analysers. It 
has been stated that under the action of high tones, which 
stimulate the receptors at the base of the cochlea, bio-electric potentials 
arise in the cerebral cortex, mainly in the anterior part of Heschl’s gyrus 
in the temporal lobe, where the cortical division of the auditory analyser 
is situated; but under the action of low tones which stimulate the recep- 
tors of the upper part of the cochlea, bio-electric potentials arise mainly 
in the part of this convolution situated closer to the occiput. With regard 
to the cortical division of the visual analyser it has been found that 
various sections of the occipital lobe of the brain (area striata) correspond 
to different squares of the retina. 


Efferent Influences of Cerebral Cortex and Its Motor, Cutaneous 
and Interoceptive Analysers 


The experiments which established that electric stimulation or certain 
areas of the dog’s cerebral cortex invariably evoked contractions of 
various groups of muscles (Fritsch and Hitzig, 1870) played an important 
part in the development of the concepts of localization of functions. It 
had been [ound somewhat earlier that the loss of speech as a result of a 
cerebral haemorrhage in man was usually due to a lesion in a section of the 
third frontal convolution of the left hemisphere. 

Almost simultaneously with the discovery of motor effects changes 
caused by electrical stimulation of the cerebral cortex (V. Danilevsky, 
N. Mislavsky, V. Bekhtecrev et al.) were also found in the heart rate, the 
blood pressure, the respiratory rhythm, and in the activity of other internal 
organs. These investigators, however, did not even concern themselves 
with the role of various parts of the cortex in normal regulation of all 
functions of the organism. 


Prior to Pavlov the activity of the motor zone and the cfferent functions of the 
cortex, in general, were erroneously interpreted as resulting from the excitation of 
special, always invariable cells of the cerebral cortex, of “centres” governing certain 
functions. The motor zone of the cortex (the cortical division of the motor analyser, 
to be exact) was regarded as an aggregate of “psychomotor centres.” The question 
of the physiological mechanisms determining the role of the different paris of the 
brain in the various acts of the organism was actually disregarded and cach activity 
was considered a result of excitution of a special “centre.” But the question of how 
this “centre” had acquired the properties that determine the peculiar nature of its 
functions remained completely unsolved. 


The theory of conditioned reflexes has disclosed the nervous mechanism 
by which the activity of the cerebral cortex ensures elaboration of ever 
new reflex processes according to the diverse agents that become con- 
ditioned stimuli. Hence the inevitable question: what is the mechanism 
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of the very definite, more or less constant, reactions observed in response 
to stimulation of strictly fixed areas of the cerebral cortex? 
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Fig. 279. Arcas in cerebral cortex of monkey connect- 

ed mainly with renctions to impulses from receptora 

of blood vessela, lungs, heart, vagus and arew of mo- 
tor and cutancous analysers (after Bucy). 


in the postcentral convolution (Fig. 280) 


We already know that 
certain zones of the cerebral 
cortex are the cortical divi- 
sions of various analysers. 
We also know that in each 
muscle and in its tendons 
there is a large number of 
different receptors. Figures 
279 and 280 show that in 
monkeys and in man the 
cortical areas, whose stimu- 
lation evokes contraction of 
various muscles, are con- 
centrated mainly in the pre- 
central convolution in front 
of the central (rolandic) 
fissure (area IV, Fig. 282). 
The cortical projection of 
the tactile sensibility of the 
skin is situated behind it, 
For each section of the 


postcentral convolution, where the skin receptors of certain parts 
of the body are projected, there is (on the other side of the 
rolandic fissure) a corresponding section of the precentral convolution, 





Fig. 280. Aras of motor, cutancous, visual, auditory and spooch-motor analysers in 
human cerebral cortex. 
1—“Broca’s centre (arce of spovch-motor analyser); If --area, whose lesion causes sonsory aphasia 
(auditory analyser); JIT. aron whose lesion loads to loss of ability to differentiate scparate words. Arce 
XVII (arva striata) ia blackened. Arcas aro not strictly delimited. 
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whose stimulation evokes contraction of the muscles of the same parts of 
the body. For example, the upper part of the postcentral convolution 
contains cells which receive impulses from the receptors of the leg and 
foot, whereas stimulation of the upper parts of the precentral convolu- 
tion produces a strictly coordinated contraction of the muscles of the 
same parts of the body (Fig. 280) accompanied by a characteristic coordi- 
nated distribution of contraction and relaxation of the antagonistic 
muscles (Fig. 281). 


The cortical localization of the representation of receptors of various skin areas in 
the postcentral concolution and the localization of the parts of the precentral con- 
volution connected with different groups 
of muscles, can be graphically shown by 
a figure of a man drawn into these con- 
volutions head downward (towards the 
base of the cranium) and [cet upward 
(towards the fissure dividing the hemi- 
spheres). Since the cortical areas cor- 
responding to the receptors of the face, 
espccially to the receptors in the region of 
the mouth, are much larger than the areas 
corresponding to the lower extremitics, such 
a figure, drawn into the cerebral cortex, 
must have an extremely large face and an 
unduly big mouth. 
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Excitation from the interoceptors 
of the skeletal muscles continuously 
reaches the cerebral cortex. This is 
proved by the fact that passive flexion 
of a limb can be converted into a con- 
ditioned stimulus for any function 
of the organism. Accompanying the 


fxt.s. 


Crt. dez. 1 un. i ger. sin. Id 


passive flexion of the hind leg (the 
dog’s leg is flexed by the experi- 
menter rather than by a contraction 
of the dog’s muscles) by an intro- 
duction of acid, N. Krasnogorsky 
elaborated a defensive salivary reflex 
to this flexion. This conditioned 
reflex was subsequently differentiated 
from diverse stimulations of the skin 
which were not accompanied by 
an introduction of acid. When the 
cortical areas, which are mainly pro- 
jections of the cutaneous analyser in 
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Fig. 281. Record of contraction of antago- 
nistic rousclea of both legs (mm. scmiten- 
dinosi and mm. vasti crurales) under stim- 
ulation of motor zone of right (Crt. dea. 
13) and left (sin. 13) cerebral hemispheres. 
Stimulations are indicated by fall of second Lino 
from bottom. Top to boltom: record of contrae- 
tions of right flexor (#2.d.), left flexor (FLs.), 
Tight extensor (Kzt.d.) and loft extensor (Erte. ). 
Stimulation of cortex of right hemisphere pro- 
duces flexion of loft and extension of right puwe. 
Stimulation of corws of left hemiaphero producca 
extension of loft and flexion of right pawa. Time 
interval -2 seconds (after A. Ukhtoninky). 


the cortex (gyr. coronarius and ectosylvius, Fig. 276) were extirpated. 
all conditioned reflexes from the skin disappeared for a long time, while 
the conditioned reflex to the flexion of the extremity, i.e., caused by stimu- 
lation of the receptors of the muscles, persisted. But if the motor zone of 
the cortex (gyr. sigmoideus, Fig. 276) was removed, all conditioned reflexes 
elaborated to the flexion of the extremity disappeared, while conditioned 
reflexes from the skin were retained. 

The aforesaid experiments carried out in Pavlov’s laboratory have 
demonstrated that the motor zone of the cerebral cortex is the zone of 
cortical projection of the muscular receptors; it is the motor analyser. 
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In the light of these facts how are we to account for the invariable 
contraction of some muscle groups when certain parts of the motor 
analyser are stimulated? 

From the moment the cerebral cortex in the child is fully formed and 
its normal functioning begins each muscular contraction generates im- 
pulses which are conducted from the receptors of the muscle to the part 
of the motor analyser where these receptors are projected. Consequently, 
excitation of each group of cells in the motor analyser always coincides 
in time with the contraction of the muscles whose receptors are projected 
in the given cortical cells. A temporary connection arises between the 
excitation of the receiving cells of the motor analyser in the cortex and 
the excitation of the motoneurons. In the given case these relations 
between the cerebral cortex and the motoneurons are, finally, fixed as 
definite morphological connections between the cerebral cortex and the 
motoneurons of the spinal cord by the fibres of the so-called pyramidal 
tract (Fig. 282); in rodents this tract is but very little developed; in dogs 
it can be distinctly traced only to the thoracic part of the spinal cord; in 
man it is developed most. 

Cortical areas of eye muscles. It has been demonstrated that stimulation 
of area VIII of the cerebral cortex (Fig. 282) in the premotor area (see 
below, page 662) and area XVII situated in the neighbourhood of the 
cortical division of the visual analyser in the occipital part of the brain 
(Fig. 280) produces movements of the eyes. Various optic stimulations are 
always connected with various positions of the eyes fixed by contraction 
of the muscles of the eyeball. Consequently, when the eye muscles con- 
tract, not only impulses from the receptors of these muscles come to the 
cortex (to area VIII), but also impulses from the retina (to area XVII). 
As a result of this connection, which was at first elaborated, apparently, as 
a temporary connection, but was subsequently fixed in the phylogenesis, 
contraction of the eye muscles involves two cortical areas—the area of the 
visual analyser (area XVII) and that of the motor analyser (area VIII). In 
animals with well-developed ear muscles contraction of the latter similarly 
results from stimulation of the motor analyser and of the temporal area 
where the nuclear part of the auditory analyser is situated. 


Pyramidal Tract and Extrapyramidal System 


In man and the higher animals the area of the cerebral cortex whose 
stimulation by relatively weak currents evokes contraction of certain 
groups of muscles, i.e., area IV, has, according to Brodmann (Fig. 282), 
so-called giant pyramidal cells of Betz. 

These Betz’s cells (gigantic pyramids) project thick myelinated fibres 
of the pyramidal tract, which terminate at the cell bodies of the motoneu- 
rons of the anterior horns of the spinal cord (and at the nuclei of the tri- 
geminal and facial nerves of the medulla oblongata). The axons of Betz’s 
cells, consequently, form a direct pathway from the motor analyser to the 
motor nerve cells of the spinal cord. But Betz’s cells in both hemispheres 
number approximately 70,000, whereas in both pyramidal tracts (right and 
left) on the level of the medulla oblongata there are about one million fibres 
(of which 60 per cent are myelinated and of different diameters, and 
40 per cent unmyelinated). Thus, the pyramidal tract also contains axons 
of a mass of other nerve cells. Axons of cells from areas VI, V, III, I and 
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II of the cerebral cortex have been found in this tract in addition to those 
from area IV. The sites from which all the fibres of the pyramidal tract 
arise are not known as yet. 

Most of the fibres of the pyramidal tract cross: they cross to the other 
side in the lower part of the medulla oblongata, i.e., the decussation of the 
pyramids, and then travel in the anterior lateral part of the spinal white 
matter (Fig. 247). Uncrossed fibres of the pyramidal tract extend in the 
posterior columns of the spinal cord; they also pass to the opposite side 
of the spinal cord on the level of the segments where they terminatc at the 
cell bodies of the motoneurons. Thus, impulses from the cortex of each 





Fig. 282. Structure of motor analyser of chimpanzee. 


Black trianglea—arva of Betz’ cells (unshaded triangles indicate presence of dispersed Botz's cella also 
in theso regions; 4» “inhibitory area” described in motor analyser between areas IV and V1 (after Bucy). 


hemisphere are, in the main, transmitted to the motoneurons of the oppo- 
site side of the spinal cord. Stimulation of the cortical division of the 
motor analyser (in area IV) of the left hemisphere, therefore, provokes 
contraction of the muscles of the right side of the body. 

Efferent connections of cortex with internal organs. The efferent con- 
nections of the cerebral cortex are by no means confined to the skeletal 
muscles. The very fact that conditioned reflexes can be elaborated to any 
function of the organism shows that impulses from the cerebral cortex can 
reach any efferent neurons. As before stated, impulses from interoceptors 
also reach the cerebral cortex. 

It is probable that the cortical structures receiving impulses from the 
receptors of the internal organs project descending axons which, through 
intermediate subcortical regions, conduct excitation from the cerebral 
cortex to the efferent neurons innervating these organs. 

Fibres which extend from the cerebral cortex to the subthalamic region 
directly or through the basal ganglia and thalamus, have been described; 
from here, as is well known, the impulses are transmitted to the efferent 
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neurons of the vegetative nervous system. The pyramidal tract possibly 
also includes direct pathways from the cortex to the neurons of the para- 
sympathetic and sympathetic divisions of the vegetative nervous system. 

We may suppose, at any rate, that the contraction of certain muscles 
simultaneously with the action of impulses from the receptors of these 
muscles upon the region of the motor analyser, continuously recurring 
through thousands of gencrations, has resulted in the formation of efferent 
pathways from the cortical projection of the muscular receptors (motor 
zone) to the motoneurons. It must be assumed there was a similar process 
in the formation of the connections between the cerebral cortex and the 
internal organs. Owing to this, the cortical structures receiving impulses 
from the internal organs—the blood vessels, heart, etc.—are the cortical 
areas which predominantly exert efferent influences on these organs. Thus, 
the entire activity of the cortex, in the final analysis, apparently, results 
from the formation of temporary connections. It is probable that in the 
course of historical development these connections may become hereditar- 
ily fixed in the form of morphologically differentiated nervous pathways 
between the cortex and the subcortical, subthalamic (and, possibly, bulbar 
and spinal) efferent neurons. 

The cortical areas, whose electric stimulation evokes various effects 
mainly in the internal organs, include: areas VI, I, VII, VIII, and, above 
all, the so-called premotor zone (areas VI and VIII). Stimulation of area 
VI produces a number of vascular effects, modifies the heart rate, changes 
the size of the pupil and provokes movements of the intestines. The points 
from which a rise in blood pressure is obtained are often located apart 
from the points whose stimulation leads to a drop in blood pressure. Elec- 
tric effects are recorded in area VIII during stimulation of the distal end 
of the vagus; direct stimulation of area VIII shows suspension of respira- 
tion and increased peristaltic movements of the intestines. The receptors 
of the afferent fibres of the vagus are, apparently, represented mainly in 
this area. 

Removal of the premotor zone in the cxperiments of Bykov's collabo- 
rators resulted in the modification of the conditioned reflexes elaborated 
to the activity of the kidneys and gallbladder. This operation also deranged 
water excretion when too much water was consumed (A. Ginctsinsky). It 
has not been shown, however, that the premotor zone is the only site where 
all interoceptors are projected and correspondingly the only site where the 
cortex gives rise to descending fibres which connect it with the efferent 
innervation of the internal organs. At the same time there is no doubt that 
this area of the brain is of essential importance for the reaction to intero- 
ceptive impulses. 

Extrapyramidal system and premotor zone. Stimulation of the premotor 
zone (area VI, Fig. 282) not only evokes changes in the activity of the 
internal organs, but also leads to motor effects which differ from the results 
of stimulation of the motor zone in that 1) they arise only when stronger 
stimulations are used; 2) they result not in the contraction of individual 
muscles, but in more general movements of the limbs, trunk, or head; 
3) they largely (but not fully) disappear after removal of the motor zone 
(precentral convolution, i.e., area IV). 

Experiments performed on monkeys have shown (and observations on 
the consequences of brain lesions in man have confirmed it) that removal 
of area IV results in muscular paralysis on the side of the body opposite 
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to that where these parts of the brain have been removed. The extremity 
pradually recovers its movements, but the fine movements of the digits 
are paralyzed for ever (the extensive representation of the digital muscles 
in the cortical division of the motor analyser should be recalled in this 
connection). 

When the premotor zone is removed, the muscles generally retain their 
ability to contract, but the ability to effect muscular contractions requir- 
ing delicate differentiations between various motor conditioned reflexes 
is lost, especially in the higher mammals; all movements therefore become 
extremely “awkward,” and ihe newly elaborated motor conditioned re- 
flexes are unstable. 

Unlike atonia which develops in monkeys after removal of the motor 
zone, removal of the premotor zone increases the tone of a number of 
muscle groups which forces the anterior extremities and digits to flex 
(Fig. 259). 

Connections of extrapyramidal system. Connecting fibres run from 
area V1 to area IV (motor zone); in addition, there is a vast system of con- 
nections between the cortex and the efferent neurons through the subcor- 
tical ganglia and nuclei of the diencephalon and midbrain. The entire 
system connecting the cerebral cortex with the motor efferent neurons 
through the efferent nuclei of the brain outside the pyramidal tract (in- 
cluding the premotor zone of the cortex), is therefore called the extra- 
pyramidal system. It includes: a) the premotor zone; b) the corpus stria- 
tum (nucl. caudatus, putamen, globus pallidus); c) the substantia nigra, the 
red nucleus and corpus luyisi of the midbrain. The cerebellum must prob- 
ably also be included in this system. The connections of the extrapyra- 
midal system are schematically shown in Fig. 261. 

In the cerebral cortex there are certain sections (in the motor and pre- 
motor zones) whose stimulation leads to inhibition of motor effects evoked 
by stimulation of other sections of the brain (sections 4s in Fig. 282). It is 
probable that impulses from these “inhibitory sections” of the cortex, 
passing through nucleus caudatus and globus pallidus, reach the thalamus, 
in which responsive impulses arise again, proceed to the cortex and pro- 
duce inhibition in it. 

Normally the functioning of the structures of the extrapyramidal sys- 
tem always depends on the activity of the cerebral cortex. The existence 
of fibres extending from the premotor zone to globus pallidus and nucl. 
caudatus is beyond any doubt. It is also possible that there are fibres ex- 
tending from the cerebral cortex to the putamen. Therefore, the results of 
injuries to the strial system are partly accounted for by the exclusion of 
the structures which conduct impulses from the premotor zone of the 
cerebral cortex to the lower centres. 

A characteristic symptom of the lesion of the globus pallidus (especially 
when the subst. nigra and corpus luyisi are simultaneously affected) is 
tremor or torpidity of the muscles often due to considerable inertness of 
the basic nervous processes—cxcitation and inhibition. This entire symp- 
tom-complex is called Parkinsonism and is often observed after encephali- 
tis. Lesions of the striopallidal system often also show so-called hyper- 
kinesis—forced movements which do not produce a full motor effect, can- 
not be inhibited by the activity of the cortex and are expressed in tremor, 
convulsive contraction of a number of muscles (chorea) and peculiar 
vermicular movements of the limbs (athetosis). 
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Electric Phenomena in Cerebral Hemispheres 


Electric phenomena in brain. Studies of the electric potentials conditioned 
by the activity of the brain have lately become very important in the 
investigation of this activity. 


As far back as the seventies of last century Danilevsky described the modification 
of electric potentials mainly of the posterior divisions of the cerebral cortex occurring 
during acoustic stimulation, and of the anterior divisions of the cortex during cuta- 
neous stimulation, Electrophysiological investigations first assumed importance in thc 
elaboration of concepts relating to localization of functions. Subsequently, this trend 
was developed in the works of V. Bekhterev and his collaborators, and particularly 
in modern researches both in the U.S.S.R. (S. Sarkisov, M. Livanov, A. Kogan et al.) 
and abroad. 

Danilevsky also indicated there were waves of electric potentials in the cerebral 
cortex even when no stimulations were applied to the receptors or afferent nerves. 
This was further elaborated by Sechenov in 1882; he discovered rhythmic electric 
waves in the frog's medulla oblongata which not only arose in the absence of any 
stimulation of the receptors, but were even suppressed by strong stimulations. Des- 
ignating the above-mentioned waves as “spontaneous,” since they arose “without 
apparent cause,” Sechenov emphasized that this term was in no way used by him to 
indicate the nature of the phenomenon, but only the explosive character of its mani- 
festation; this statement is also important for present-day physiology since some 
modern researchers regard the rhythm of bio-clectric currents in the brain as a mani- 
festation of its permanent properties, irrespective of the conditions of existence and 
development of the organism as a whole. 

The use by V. Fravdich-Neminsky (1925) of a highly mobile string galvanometer 
instead of the inert mirror galvanometer formerly used by investigators was an 
important event in the investigation of electric phenomena in the cerebral hemispheres. 
By leading off bio-electric currents from the cerebral cortex of mammals to a string 
galvanometer, Pravdich-Neminsky gave a precise description of the electrical waves 
in the cortex (which he named the waves of the Arst and second order) now usually 
designated as alpha and beta waves. Later, in 1929, the German psychiatrist G. Berger 
began to investigate the electric activity of the human cerebral cortex by leading off bio- 
electric currents from the brain to a galvanometer of low inertness through an amplifier. 


The recording of electric phenomena in the human cerebral cortex 
through the coverings of the cranium and skin has made it possible to 
extend the studies of electric phenomena in the higher division of the 
central nervous system. The recording of electric phenomena in the brain, 
so-called electro-encephalography, is becoming as important in the clinic 
of cerebral lesions as electrocardiography is in the clinic of heart diseases. 

Electro-encephalography. The cerebral cortex of man and animals ex- 
hibits rhythmically arising electric potentials. They are observed at com- 
plete rest and during sleep (Fig. 283, on the right) and disappear only in 
deep narcosis. 

Alpha and beta waves are the first to be distinguished in the electric 
activity of the human cerebral cortex. Alpha waves (Fig. 283, a) are oscil- 
lations of potentials with a frequency of about 10 per second (9 to 12) and 
with a relatively high voltage (about 500 microvolts). They are connected 
mainly with the activity of the occipital (visual) zone of the cortex and 
disappear under the action of illumination, when the eyes are fixed on a 
certain object, under intense stimulations of other receptors, when com- 
plex motor acts are effected, when a focus of excitation arises in the brain, 
in the course of solving mathematical problems, etc. This is the so-called 
depression of the alpha-rhythm (Fig. 283 on the right). 

Beta waves are small electric oscillations often superposed on the alpha 
waves (Fig. 283, b) and especially clearly seen in electro-encephalograms 
when the alpha waves are depressed. 
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In deep sleep alpha waves are succeeded by delta waves, i.e., by still 
slower, longer and less frequent oscillations (4 to 5 oscillations per minute) 
of the electric potential of the cortex (Fig. 283, on the right). Delta waves 
emerge not only in sleep, but also in grave pathological disturbances 
of the brain, in the presence of tumours and in epilepsy (Fig. 283, e). 


Studies of electric potentials of the brain are also important for the characteristics 
of conditioned reflex activity. It has been demonstrated (M. Livanov) that if stimula- 
tion of the visual analyser of the rabbit, applied in a certain rhythm, is accompanied 
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Fig. 283. Electro-encephalograins. 

Left part of figure: a record of normal alpha 
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by electric stimulation of the skin applied in the same rhythm, under the isolated 
action of flashes of light the bio-electric currents in the region of the motor analyser 
assume the rhythm of the optic stimulations applied to the eye. While a conditioned 
reflex to the flashes of a light is still in the process of claboration, bio-electric currents 
isorhythmic with the flashes are recorded in the motor analyser even in the absence 
of the flashes, probably because of the experimental conditions which are transformed 
into a conditioned stimulus. But after the elaboration of a stable conditioned motor 
reflex rhythmic currents arise in the motor analyser only in response to signalling 
optic stimulations. 

It has also been demonstrated that by combining indifferent stimuli (indifferent 
as regards their influence on the bio-clectric currents in the brain) with agents which 
depress the alpha rhythm, it is possible, owing to the claboration of a conditioned 
refiex, subsequently also to obtain such a depression under the action of the prc- 
vicusly indifferent stimuli. 

Temporary connections between two groups of cortical cells ure also elaborated 
under their simultaneous direct stimulation by electrodes applied to various areas of 


the cerebral cortex (Livanov). 
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CHAPTER 65 


CHARACTERISTIC FEATURES OF HIGHER 
NERVOUS ACTIVITY IN MAN 


Concept of First and Second Systems of Signals of Reality 


In his teaching on the interconnected first and second systems of signals 
of reality Pavlov indicated the ways to extend the physiological, natural- 
scientific analysis to the knowledge of the peculiar functions of the human 
cerebral cortex. 

In addition to the mechanisms governing the activity of the cerebral 
cortex, common to man and the higher animals, man has other specific 
functions of the cerebral hemispheres which have arisen in the process of 
historical development of human society and distinguish man from all 
other animals. Pavlov believed that the specific properties acquired by the 
human cerebral cortex depended on the new way of interaction with the 
environment which arose in the course of human labour activity and was 
expressed in speech. “...It is precisely speech which has made us hu- 
man ...,’" Pavlov stated. Consequently, only by analysing the physiolog- 
ical mechanisms of speech, only by studying the reactions which arise 
because of the emergence of speech is it possible to get an insight into the 
specific features which distinguish the higher nervous activity of man 
from that of animals. 

“In the animal,” Pavlov wrote, “reality is signalized almost exclusively 
by stimulations and by the traces they leave in the cerebral hemispheres, 
which come directly to the special cells of the visual, auditory or other 
receptors of the organism. This is what we, too, possess as impressions, 
sensations and notions of the natural world around us. ... This is the first 
system of signals of reality common to man and animals. But speech con- 
stitutes a second signalling system of reality, which is peculiarly ours, 
being the signal of the first signals.” ** 

The action of various objects and phenomena of the surrounding world 
upon the cerebral cortex through stimulation of the receptors is always 
a concrete signal of reality. This is the first system of signals of reality. 
But speech, according to Pavlov, represents “... especially and primarily 
kinesthetic*** stimulations which proceed from the speech organs to the 
cortex....” These stimulations constitute a set of second signals, the sig- 
nals of signals. “They represent an abstraction from reality and make 
possible the forming of generalizations; this constitutes our extra, spe- 
cially human, higher mentality, which creates an empiricism general to 
all men and then, in the end, science, the instrument of the higher orien- 
tation of man in the surrounding world and in himself.” **** 

Any agent acting upon a receptor becomes a signal because of the activ- 
ity of the higher division of the central nervous system. The first signal- 
ling system implies the entire activity of the cortex which determines the 
conversion of the given stimuli into signals of various activities of the 


* I. Pavlov, Complete Works, Vol. III, Book 2, p. 336. 
** Ibid., pp. 335-36. 

*** Kinesthetic stimulations are those which proceed from the receptors of the mus- 
cles, in the given case, the muscles of the speech organs—tongue, larynx, lips, cheeks. 
(Author's note.) 
wee I. Pavlov, Complete Works, Vol. III, Book 2, pp. 232-33. 
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organism. The second signalling system implies the entire peculiarly hu- 
man cortical activity which ensures speech signalization between men, 
establishment of connections between objects (phenomena) and words by 
which they are designated, and accomplishment of various acts resulting 
from the influence of verbal stimuli. 


Formation of Second Signalling System 


Verbal designations replace the action of agents of the first signalling 
system and enable the organism to react not only to the direct influence 
of various real objects and phenomena, but also to their verbal designa- 
tions. Connections between the verbal signals and the real stimuli are 
established in accordance with the laws of formation of conditioned re- 
flexes, in accordance with the laws of elaboration of temporary connec- 
tions. At the same time the second signalling system always functions in 
connection with the first system, and its activity cannot be considered apart 
from the reactions of the organism to the first system of signals. 

The utterance of syllables and words stimulates the receptors of the 
speech muscles, i.c., the muscles of the tongue, lips, checks and larynx. 
These stimulations enter the central nervous system, and upon reaching 
the cortex excite certain cellular groups of the cortical division of the 
motor—kinesthetic—analyser. The cortical neurons of this analyser con- 
nected with the receptors of the speech muscles play so important a part 
that in the aggregate they should be properly called the cortical division 
of the speech motor analyser. I is represented mainly by the area of the 
frontal convolution of the cortex of the left hemisphere (in right-handed 
people), which was previously described as the “motor centre of speech” 
(Fig. 280) discovered by Broca as far back as the sixties of last century 
(Broca’s centre). 

When various syllables and words are pronounced, different kinesthetic 
stimulations come from the receptors of the speech organs to the speech 
motor analyser. Excitation of the cortical cells during the pronunciation 
of words always coincides in time with acoustic stimulations produced by 
the sound of these words and with visual, tactile, taste and other stimula- 
tions resulting from the direct influence of the object (or action), desig- 
nated by the pronounced words, upon the first signalling system. For 
example, when little children pronounce (and simultaneously hear) the 
word “milk,” they associate it with the sight, smell and taste of milk; 
when they pronounce and hear the word “mamma,” they associate it 
with a number of visual, tactile, olfactory and acoustic stimulations, com- 
ing from this definite person. The stimulation produced in the cerebral 
cortex as each word is pronounced, is combined, according to the prin- 
ciple of elaboration of temporary connections, with the stimulations of 
the first signalling system produced by the objects designated by each 
word. Thus, the words turn into signals of the objects which they desig- 
nated. 

By the end of the second year of life the vocabulary of a normal child 
consists of more than 200 words, and already at this time the child shows 
a grammatical connection between the words and combines them into 
sentences. This is due to the well-developed synthesizing activity of the 
cerebral cortex, which ensures the combination of syllables and words 
signalizing various objects and phenomena (for cxample, “give me,” etc.) 
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into most elementary sentences. The child mainly imitates the speech of 
the adults, which is of prime importance at this time. 

The entire activity of the second signalling system, the uttering of words 
and all the reactions to speech signals are elaborated during the lifetime 
by the formation of speech conditioned reflexes resulting from the synthe- 
sizing and analysing activity of the human brain. Pavlov stated: “. . . speech 
is as real a conditioned stimulus to man as all other stimuli which are 
common to man and animals; but at the same time, it is unlike other stim- 
uli, that it can be neither quantitatively nor qualitatively compared in 
this respect with the conditioned stimuli of animals. Owing to the entire 
preceding life of the adult, speech is connected with all external and inter- 
nal stimulations coming to the cerebral hemispheres, signalizes all of them, 
replaces them and, therefore, can provoke all the actions and responses 
of the organism conditioned by those stimulations.” * 

In man any agent may be connected with verbal stimulation. Ivanov- 
Smolensky’s studies of children from eight to ten years of age demon- 
strated that if some concrete agent (for example, the sound of a bell) was 
made a conditioned stimulus of a certain motor reaction (pressing a balloon 
or jerking the hand away when the skin was stimulated by electricity), 
the mere utterance of the word “bell” or this word shown in writing at 
once produced the same reaction without any reinforcement. Contra- 
riwise, if the reaction was elaborated to the word “bell,” the sound 
of the bell (or the written word “bell”) produced the same reaction 
as the spoken word “bell.” As indicated in Pavlov’s foregoing statement, 
when speech forms a connection with a concrete stimulus it signalizes 
and replaces it. This is why the word “bell” produces the same effect as 
the real sound of a bell. Moreover, we see that there is no fundamental dif- 
ference between words heard, read or spoken: the reaction evoked by ver- 
bal stimulation also manifests itself when the given word is seen in writ- 
ing. 

Verbal stimulations can signalize not only actions, but also their inhibi- 
tion: if, for example, a green light is reinforced by an unconditioned stim- 
ulus, while a differentiation has been elaborated to a red light, the words 
“red light” will evoke no reaction. Whenever speech replaces concrete 
stimulation (for example, when the word “light” replaces the flash of an 
electric bulb), the connections between the cortical excitation, evoked by 
the verbal signal, and that which arises from stimulation of the receptors 
by the agent designated by this word are coupled. 


Observation of children has established the fact that stimuli of the first signalling 
system can also bc converted into signals of the second ordcr when combined with a 
reaction cvoked by a verbal stimulus. For example, a child is told to do something 
(to press a balloon connected with a recording apparatus). Before telling the child to 
do it the experimenter applies some stimulus (for example, a flash of an electric 
bulb) which was previously indifferent in relation to the accomplishment of the task. 
After several such combinations the child presses the balloon before it is told to do so 
merely under the action of the agent of the frst signalling system, i.c., the flash of 
the electric bulb. In this case specch, i.e., the stimulus of the second signalling system. 
replaces the unconditioned stimulus, while agents coinciding in time with the verbal 
stimulus (flashes of the electric bulb) and previously included only in the activity of 
the first signalling system, becom: signals of this verbal st mulus. 

Verbal designations of various influences upon the organism evoke the same 
changes in the work of the internal organs as the unconditioned stimuli designated by 
them, or stimuli of the first signalling system of reality. For example, the words “I 


* Ibid., Vol. IV, pp. 428-29. 


ring the bell” evoke the same vascular reaction as was produced by the sound of the 
bell itself (Fig 284), if the latter, being combined with a pain stimulation was pre- 
viously transformed into a signal of this stimulation. : 


In man numerous agents of the first signalling system acquire certain 
verbal designations, thus evoking the activity of the second signalling 
system. As the second signalling system begins to be formed this is due to 
the fact that stimulation of receptors, which arises when each word is 
pronounced and heard, is accompanied or, one may say, reinforced by 
the direct action of the agent designated by the given word. Subsequently, 
many new words acquire their meaning because of their combination 
with the already elab- 
orated verbal desig- 
nations of concrete 
objects, and not with 
the direct action of 
the latter on the re- 
ceptors. Only due to 
such chains do all 
objects (phenomena), 
whose direct action 
we have never expe- “Beil” 


rienced, become sig- __ ca : i 
nals for usin the form Fie. 284. Constriction of blood vessoln in arm (fall in ple- 
of definite words: ow- thysmogram) at the worda “I ring the bell (mark bell). 
: me Prior to this actual sound of bell was transformed. into stim- 
ing to these chains ulus producing conditioned reflex constriction of blood ves- 
previously unknown sels due to combination of sound of bell with pain stimulus 
words become signals (heating of certain skin area with thermode at (emperature 


of certain objects of 60° C) (after A. Pshonik), 


through the medium 

of other words, which had carlier become signals of definite objects and 
phenomena. Such chains may be very complex and have many links, each 
of which is based on the combination of different speech signals. The initial 
link is always based on the combination of the action of speech stimulation 
with a concrete agent of the external world. 








Second Signalling System and Abstraction from Reality 


No word (if considered as a physica) stimulus, as a complex of sounds, 
or a complex of lines and symbols forming its letters) has, as regards its 
properties, any permanent relation to the object it designates. Conse- 
quently, any verbal designation of an object implies abstraction from its 
concrete properties. 

General natural stimuli of the first signalling system, i.e., stimuli com- 
mon to man and animals can act upon us only in the presence of an agent 
of the external] or internal environment which evokes them: there can be 
no thermal stimulation in the absence of a source of heat, and no peal of 
thunder without an electrical discharge in the atmosphere. If the highest 
orientation of the animals in the surrounding world is to be designated 
as thinking, then it is invariably and exclusively concrete, object think- 
ing, conditioned, temporary connections with agents acting at the given 
moment upon the organism (and connections with the immediate traces of 
various agents). 
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Verbal designations may be reproduced in the absence of the object the 
given word designates. Words can be reproduced not by being uttered, 
but also by being written or by being thought (the latler occurs when 
they are not spoken or revealed in other motor acts). 

The second signalling system arises and exists as a means of intercourse 
between men in their labour activity. This is due to the fact that one man 
may be influenced by verbal designations of agents which at the given 
moment directly act upon another man evoking a speech reaction in him; 
owing to the existence of a written language, we can be influenced by 
agents which acted, even in very remote times, upon the author of the 
texts we read. Furthermore, due to varied temporary connections with 
different words, connections which arise depending on the results pro- 
duced by the agents designated by them, the words uttered or heard by us 
continuously lead to the emergence of new reactions within the second 
signalling system again. In the foregoing example the word “bell” made 
the child jerk the hand away, reach for a candy, etc., depending on the 
signal meaning of the bell. 

Since each word, designating a real object, is in itself deprived of the 
concrete properties of the given object, man is able to orient himself not 
only in his immediate environment. Everything designated as recollec- 
tions, as orientation in coming events (beyond the reinforcement of the 
first signals by the reflex on the basis of which it was elaborated), and all 
of science (see Pavlov's statement above, p. 668) are based on the fact that 
speech is a signal of reality, a signal which arose under conditions of defi- 
nite, concrete human intercourse, but at the same time deprived of the 
concrete properties of the objetcs it designates. 


PART XIV 
ANALYSERS (SENSE ORGANS) 


CHAPTER 66 
GENERAL CHARACTERISTICS OF ANALYSERS 
Subjective Character of Pre-Pavlovian Physiology of Sense Organs 


Prior to Pavlov the theory of the sense organs was based largely on 
materials obtained from subjective observations on human sensations and 
notions. It is true, important data pertaining to the structure of the re- 
ceptor apparatuses of the sense organs were obtained. The physical aspect 
of the processes going on in some of them (especially in the eye) was 
profoundly and extensively investigated, and in this respect this branch 
of physiology was, undoubtedly, developed most. As to the strictly physio- 
logical aspect, as Pavlov pointed out, only elementary facts were estab- 
lished. 

The physiology of the sense organs was an arena of the bitter struggle 
between the materialist and idealist world outlooks, a struggle concen- 
trated around questions relating to the specific nature of the activity of the 
sense organs. Owing to its specific structure, each sense organ normally 
reacts only to one form of stimulation: light waves are the specific or ade- 
quate stimuli for the eye; sound waves, for the ear; certain chemical 
substances, for the organs of smell and taste, etc. But at the same time it 
is well known that certain inadequate stimuli (mechanical stimulation in 
the form of a blow, push or pressure, application of an electric current, 
or of any other strong stimulus to the given organ) produce the sensation 
of light and colours when acting upon the eye and the sensation of sound 
when acting upon the ear. In this case, however, the sensations are ele- 
mentary and deprived of any qualitative nuances in which normal sen- 
sations are so rich. They may result from stimulation not only of the end- 
organ, but also of the nerve trunk. For example, transection of the optic 
nerve during an operation produces a sensation of light or glare without 
any visual image. 

These functional qualities of the sense organs, pointed out by the Ger- 
man physiologist Johannes Miiller (1840), gave him ground to formulate 
the so-called law of specific irritability. According to this law, the quali- 
ties of sensations do not depend on the nature of the stimulus, but are 
fully determined by the specific energy inherent in the sensory systems, 
which was regarded by Müller as an inborn, invariable “vital property.” 

Proceeding from the incorrect vitalistic approach to the activity of the 
sense organs, Miiller came to the idealist conclusion of the unknowability 
of the external world, since, according to his point of view, it is only the 
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properties and states of the sense organs themselves which reach our con- 
science through the sense organs, and not the properties and states of the 
objects of the external world. These fundamentally wrong conceptions of 
Müller concerning the activity of the sense organs were caught up by all 
agnostics and idealists as a “physiological” substantiation of the unknow- 
ability of the objective world. 

Criticizing the fundamental principles of idealism which denies the 
objectivity and knowability of the external world, V. I. Lenin characterized 
Miiller’s “physiological idealism” as follows: “The idealism of this physiol- 
ogist consisted in the fact that in investigating the mechanism of our sense 
organs in relation to sensations and showing, for example, that the sen- 
sation of light was produced by the action of various stimuli on the eye, he 
was inclined to deny on this basis that our sensations were images of ob- 
jective reality.”* Characterizing idealist philosophy, Lenin stated: “The 
sophism of idealist philosophy consists in the fact that it regards sensation 
as being not the connection between consciousness and the external world, 
but a fence, a wall, separating consciousness from the external world—not 
as an image of the external phenomenon corresponding to the sensation, 
but as the ‘sole entity’.”** 

According to Lenin’s theory of reverberation, the external world, as an 
objective reality existing outside and independent of consciousness, is the 
source of sensations. Sensations are, according to Lenin, the subjective 
images of objective things. This means that sensations, resulting from the 
influence of the external world on the sense organs of man, possess specific 
qualitative properties and a subjective character, at the same time reflecting 
the objective properties of things. 


Alien to the ideas of evolutionary development Müller overlooked the fact that the 
specific functional properties of the sense organs were the result of a long biological 
evolution towards a fuller adaptation of the organism to the conditions of its exist- 
ence, towards more delicate and differentiated reactions to various influences of the 
external world. Far from preventing knowledge of the cxternal world the specific 
nature of the activity of the sense organs therefore ensures a more exact reflection 
and synthesis of its phenomena. The more pronounced the specific nature of the activ- 
ity of a sense organ, the more differentiated its reaction, the more exactly is the ob- 
jective material world reflected in the sensations. 

S. Vavilov, outstanding physicist of our time, convincingly showed exactly how in 
the course of a long evolution the cye adapted itself to the illumination created on the 
earth by the sun: “One cannot comprehend the cye without knowing the properties 
of the sun. On the contrary, it is the propertics of the sun which make it possible 
theoretically to outline the specific features of the eye, as they should actually be, 
without knowing them in advance.”*** 


Not only the sense organs react specifically. The activity of any tissue, 
any organ is specific. The specific nature of any activity is not something 
given beforehand and for ever, but a result of a long evolutionary process. 

Another idealist trend in the physiology of the sense organs is the con- 
ception of psychophysical parallelism. This trend found particular expres- 
sion in the works of the German physiologist Ewald Hering. According to 
him, mental and physiological (nervous) processes are two different series 
of phenomena not connected by causality, but only by simultaneity of 


* V.I. Lenin, Works, Vol. XIV, p. 290. 
** Ibid., p. 40. 
*** S, Vavilov. The Eye and the Sun, 5th ed., 1950, p. 122. 


672 


phenomena, by their parallel development. Hering formulated this propo- 
sition as follows: “There is no movement in the soul without movement 
in the brain, and vice versa.” 

Closely connected with this proposition was Hering’s assertion that the 
subjective method of introspection, i.e., of observing one’s own mental 
phenomena, was the principal method of studying the functions of the 
brain since, according to him, we were able to judge of the nervous proc- 
esses in the brain only by our own sensations. Accordingly, Hering based 
the study of the functions of the sense organs on the method of intro- 
spection, on the analysis of subjective mental states. 

Criticizing the old physiology of the sense organs with its subjective 
methods of studying sensations, Pavlov justly pointed out: “...in the 
doctrine on sensations and ideas resulting from stimulation of these organs, 
only elementary facts have been established, despite the skill and keen- 
ness displayed by investigators in this field.’ 


Pavlov’s Teaching on Analysers 


Pavlov remade the entire physiology of the sense organs and provided 
it with a strictly scientific, materialist base in the form of his broad bio- 
logical teaching on analysers. This teaching, directly connected with the 
physiology of the brain, made it possible to pass from a purely subjective 
interpretation of sensations to their objective and strictly scientific study. 
The activity of the higher division of the nervous system was considered 
by Pavlov from the aspect of two basic nervous mechanisms: the mecha- 
nism of temporary connections and the mechanism of analysers inseparably 
connected with the processes of synthesis. 

The peripheral division of an analyser is a receptor apparatus respond- 
ing only to a certain kind of stimulation and representing a specialized 
transformer of the external energy into a nervous process. The function 
of the conductive division is transmission of nervous excitation from the 
receptor apparatus to the intermediate centres of the spinal cord and 
brain stem, where a reflex connection with various efferent systems can be 
effected and where interaction between impulses from various receptor 
apparatuses belonging to different analysers takes place. 

The cerebral, or cortical division is the higher division of an analyser. 
Here nervous excitation acquires new properties and is converted into 
sensations.** Here, too, the highest and most delicate analysis occurs. This 
analysis is indissolubly bound up with synthesis, which, in the end, deter- 
mines the perfect equilibration of the organism with the external environ- 
ment. The signals coming from various analysers are also synthesized and 
treated here. 

Hence, it is clear that the physiology of the sense organs should not be 
approached as a physiology of the peripheral receptors alone, apart from 
the central nervous mechanism. Such artificial division has resulted, as 
before stated, in a number of erroneous conceptions and has greatly im- 
peded the establishment of the general laws governing the analysing and 
synthesizing activity of the cerebral cortex. 


* I. Pavlov, Complete Works, Vol, If1, Book 1, p. 121. 
* By the term “sensation” we imply the aggregate of certain physiological proc- 
esses, 
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The peripheral division of the analysers includes all sense organs, and 
among them special receptor apparatuses, situated in the internal organs 
and muscles. 


Evolution of Receptor Apparatuses 


The process of evolutionary development of receptor apparatuses in 
lower animals is characterized by the formation of special sensory cells 
on the surface of the organism which comes in contact with the external 
environment. These primitive receptor cells reveal the ability to react to 
various direct stimuli (mechanical, chemical and thermal). 

In the process of further development the receptor cells dispersed over 
the entire surface of the body begin to concentrate in definite areas, for 
example, around the mouth, or on the tentacles, as, for example, in the 
medusac. At the same time the receptor cells become differentiated func- 
tionally. The cells around the mouth specialize in responding to chemical 
stimuli. Aggregations of cells on the tentacles become particularly sensi- 
tive to mechanical stimuli. Thus, the initial elementary forms of reception 
give rise to new differentiated forms specially adapted to certain stimuli. 
Differentiated receptor cells normally respond with excitation only to 
definite, so-called adequate stimuli. For instance, the cells dispersed over 
the coverings of earthworms and sensitive to light react only to optic stimuli, 
while other receptor cells situated close by respond mainly to mechanical 
stimuli. Special receptor formations located around the mouth are organs 
responding to chemical stimuli. This differentiation of functions of the recep- 
tor apparatuses is connected with a corresponding structure of the nervous 
system. The cerebral division, which is larger than all the other divisions of 
the nervous system, becomes particularly important: it gradually develops 
into the higher centre which can receive impulses from all the receptor 
apparatuses. 

The receptor functions and the nervous system always evolve parallel 
with the development of the ability to move. The external environment in 
which the animal exists is a factor which determines its organization. 
Animals deprived of locomotion receive food from their immediate envi- 
ronment. The number of stimuli in this environment is quite limited, and 
they act upon the organism through direct contact with the receptor 
cells (contact receptors). In animals possessing locomotion the anterior 
end of the body becomes especially important. This part is influenced by 
the external environment to a greater extent and meets with a greater 
number of stimuli. As a result, it is here that the most important receptors 
are situated. Very important changes simultaneously occur in the struc- 
ture and functions of the receptors. Special receptors are formed to per- 
ceive light (electromagnetic) waves, sound waves, chemical stimuli, i.e., 
receptors by means of which the animal is able to orient itself in distant 
influences. These receptors are called distant receptors (the eye, ear and 
organ of smell). 

The development of distant receptors improves the animal’s relation- 
ships with the external environment as regards its defensive, alimentary 
and other reactions. The animal is now able to react to these stimuli even 
at a certain distance and not only when it comes into direct contact with them. 

The further evolution of the receptor systems proceeds in two princi- 
pal directions, primarily a progressing differentiation of the receptors 
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which reaches the specific development peculiar to man and the higher 
animals. This improves the function of the analysers, their ability to break 
up the external environment into very fine, separate, quantitatively and 
qualitatively different elements. The development of vision in animals, 
from the most elementary to the highest forms, May serve as an illustra- 
tion. At first the eye is able to distinguish only between light and dark- 
ness; later vision makes it possible to discriminate the forms and details of 
objects, their distance, colour, etc. At the same time evolution proceeds in 
another direction, which may be defined as a tendency towards coordina- 
tion of the special forms of reception with each other and with the motor 
reactions of the organism. This process, in its most perfect form, is effected 
by the higher divisions of the central nervous system. 


Classification of Receptors 


Receptors are structures which respond to stimuli from the external or 
internal environment of the organism. Normally different groups of re- 
ceptors are excited by different stimuli. Some receptors are excited by 
mechanical stimuli; others, by heat or cold. Some receptors are stimulated 
by chemical agents. Finally, special receptors are excited by sound or light 
waves. 

Thus, the receptors are, as it were, specific detectors of certain stimuli 
which they transform into nervous processes. They greatly vary morpho- 
logically. In some cases they are variously shaped ends of afferent 
nerves—little hairs, spirals, plexuses, plates, knobs, thickenings, etc. In 
other cases the nerve ends are connected with specially modified epithelial 
cells (the receptors of taste and smell). The complex receptor apparatus 
may be supplied at its periphery with special formations which ensure the 
access of the external stimuli to the deep-lying nervous receptor elements 
(the eye, the ear). 

All receptors may be divided into two groups, depending on whether 
they react to changes in the external or internal environment of the 
organism. These groups are: 

a) exteroceptors (external receptors) stimulated by changes in the 
external environment. They respond to stimuli from external surfaces 
(visual, acoustic, tactile and thermal receptors),. and from the initial 
divisions of the digestive and respiratory systems (taste and olfactory 
receptors); 

b) interoceptors (internal receptors) located in the blood vessels, the 
internal organs, the skeletal muscles and tendons. These receptors are 
stimulated by changes in the activity or state of internal organs and in the 
pressure or chemism of the blood. 

As peripheral apparatuses of the external analysers the exteroceptors 
are organs perceiving the outer world, while the interoceptors, as the peri- 
pheral apparatuses of the internal analysers, have to do with the internal 
environment of the organism. Both forms of receptors are interconnected 
through the central nervous system as links of a single receptor system 
of the organism. 

According to the nature of the stimuli which normally excite the recep- 
tors, the latter are divided into the following types: 

Mechanoreceptors, including the receptors of the skin stimulated by 
touch, pressure, blows, concussion, etc.; they are also called tactile recep- 
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tors. These include the receptors cf the internal organs excited by changes 
in the pressure on the walls of the organs (baroreceptors), or by changes 
in the tension of the muscles in which they are located. 

Chemoreceptors, excited by various chemical substances, are located in 
the blood vessels, alimentary tract and, possibly, in all tissues; in lower 
aquatic vertebrates they are also dispersed over the entire skin surface. 
The skin of mammals has no chemorcceptors reacting to chemical changes 
in the external environment, since the composition of the atmosphere in 
which they live does not normally change much; but the mammals have 
specialized well-developed exteroceptors—organs of taste and smell which 
are stimulated by chemical agents of the external environment. 

Thermoreceptors, responding to temperature changes, are dispersed over 
the entire surface of the coverings and, possibly, over the entire surface 
of the respiratory, alimentary and circulatory systems. 

Sound and light receptors, represented by the organs of hearing and 
vision. 

A special group is formed by the so-called pain receptors excited by 
stimulations which in some measure injure the coverings of the body or 
the internal organs. Excitation of these receptors by intense mechanical, 
chemical and thermal stimulations is subjectively expressed in the sensa- 
tion of pain. 


Relationship Between Intensity of Stimulation and Sensation 


Threshold of sensation. The analysers are extremely sensitive to specific, 
adequate stimuli. The sensitivity of highly differentiated receptors, such 
as the eye and the ear, exceeds that of the most precise physical instru- 
ments. The absolute value of the minimal energy which can evoke the 
sensation of light is very low. Suffice it to point out, for example, that in 





Fig. 285. Gradual diminution of frequency of nervous im- 

pulsen caused by development. of adaptation in receptors. 

Discharges of nervous impulses have been recorded from 

one sensory end apparatus (photoreceptor) at constant. 

strength of stimulation. Interruption in white line against 

black background indicates duration of light stimulus. 
Time interval.-0.2 sec. (after Hartline). 


clear air a source of light of several thousandths of one candle-power can 
be seen at a distance of one kilometre. The human ear can perceive oscil- 
lations of atmospheric pressure of less than one-thousandth of a bar, which 
corresponds to approximately one-thousand-millionth of normal atmo- 
spheric pressure. And still, everyday experience shows that receptors do 
not perceive excessively weak stimuli; a stimulus must reach a definite, 
sometimes very low intensity to produce a sensation. 

The minimal intensity (quantity) of the stimulus that causes sensation 
constitutes the absolute threshold of sensation. The threshold of sensation 
is not equivalent to the threshold of stimulation. The absence of sensation 
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during stimulation in no way means that the stimulation exerts no action 
on the stimulated receptor and produces no physiological effects. 

The action of stimuli variously modifies the sensitivity of different 
analysers. The adjustment of the analysers to the intensity and duration of 
a stimulus is called adaptation (Fig. 285). 

The adaptation of analysers manifests itself either in an increase or 
decrease of sensitivity. With the action of light upon the eye, the 
sensitivity of vision diminishes, i.e., adaptation to light develops (see 
Fig. 311); a reverse process occurs in the dark, i.e., the eye adapts itself to 
darkness. In the latter case the sensitivity of the eye may increase tremen- 
dously—by scores and even hundreds of thousands of times. The same 
phenomenon, though less pronounced, is observed in the adaptation of 
hearing to silence. The rate at which sensitivity changes during adaptation 
differs for various receptors. In some receptors, for example, in the tactile 
receptors, adaptation is quick; in others, for instance, in the pain receptors, 
and, possibly, in many interoceptors it is insignificant and slow. 

Relationship between strength of stimulation and intensity of sensation. 
When the strength of the adequate stimulus changes, the intensity of 
excitation which arises in the receptor apparatus and the intensity of 
sensation change correspondingly. In everyday life we usually appreciate 
by our sensations the relative rather than the absolute values of the 
strength of stimuli. It is possible to find a minimal value by which the 
strength of a stimulus must be changed in order thus to evoke a barely 
perceptible modification of sensation. This method is used for ascertaining 
the so-called differential threshold of sensation. 

Defining the differential threshold of the sensation of pressure, E. Weber 
(1831) established the following dependence: the value by which the strength 
of the stimulus must be increased to produce a just perceptible increase 
of sensation is in a constant ratio to the original value of this stimulus, 
i.e., always constitutes a definite part of the original value of the stimulus. 

In order to obtain a just perceptible increase in the sensation of pressure 
produced by weight p, it is necessary to increase this weight by a certain 


value dp. According to Weber, WP ae K, where K is a constant for the 


given kind of sensation and does not depend on the original value of the 
weight. In order to feel the minima] increase in the weight supported by 


the hand it is necessary, according to Weber, to add to this weight - 17 of 


ils value, irrespective of its original value. 

This kind of dependence was discovered by the French physicist Bouguer 
for sensations of light 60 to 70 years before Weber. After Weber's 
researches it was extended to a number of other sensations, but it proved 
to hold relatively true only of stimulations of medium strength. To very 
weak and very strong stimulations the dependence discovered by Bouguer 
and Weber has proved inapplicable, since fine discrimination in these cases 
diminishes. 

Proceeding from Weber's data and hypothctically assuming (even contrary to actual 
facts) that continuous intensification of stimulation results in a continuous increasc 


of sensation, the German physicist Fechner expressed the aforesaid dependence by a 
new formula which is known as “Fechner’s fundamental psychophysical law.” This 
“law” is expressed in the following formula: E =alIn To’ i.c., Intensity of sensation 
(E) varies directly as the logarithm of the stimulus (J) taken in relation to the thresh- 
old (Io). Value a is a constant. 


CHAPTER 67 


CUTANEOUS RECEPTION 
General Characteristics and Kinds of Cutaneous Reception 


The surface of the skin is an enormous receptive area and is the pe- 
ripheral part of the cutaneous analyser. The significance of this analyser is 
often underestimated, since in the presence of other analysers the role of 
the receptive function of the skin is largely overshadowed. But in people, 
deprived, for example, of vision, touch and hearing are the most important 
kinds of reception. 

The following four kinds of cutaneous reception are distinguished: heat 
and cold reception which are often covered by the common term of thermal 
reception; tactile reception with 
its subdivisions, and pain recep- 
tion. A specific stimulus corre- 
sponds to each kind of cutaneous 
reception. Pain sensibility is an 
exception, since any stimulation 
of certain strength can evoke 
pain sensation. Different kinds 
of cutaneous reception are in- 
herent also in the mucous mem- 
branes of the cavities which 
directly communicate with the 
external environment. These in- 
clude the cavities of the mouth, 
nose, larynx, etc. 

In addition to the foregoing 
principal forms, there are also 


: re we he other kinds of reception which 
Fig. 286. Distribution of sensitive spots on back manifest themselves during stim- 


of thumb. Cold spots are indicated in white, F : i 
pressure spots in black and heat spots are shud. Ulation of the skin. In most cases 
cd (after Blix). they are varieties of separate 


forms of cutaneous reception or 

their combinations. For exam- 
ple, there aré two varieties of tactile reception: reception of touch and re- 
ception of pressure. A light contact with the skin is perceived as touch sen- 
sation; a stronger application of force to the skin, as sensation of pressure. 
Observations show that the skin is deformed in both cases. Consequently, 
il is a matter of different intensities of stimulation of the same receptors. 
Some authors regard the so-called vibratory sensibility as a variety of 
tactile reception, as reception of intermittent pressure. But this point of 
view is disputed by many clinical physicians-neuropathologists who con- 
sider vibratory reception an independent form of reception. The sensation 
of itch is, probably, one of the peculiar forms of tactile reception. 

What is usually called the sense of touch is an intricate receptor com- 
plex resulting from stimulation of receptors belonging to various kinds of 
cutaneous sensibility. 

Different kinds of receptors are unevenly distributed over the skin sur- 
face. The number of cold spots in the skin considerably exceeds that of 
hot spots; there are more pain spots than those reacting to touch or 
pressure (Fig. 286). 
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It may be assumed that there is an ayerage of 12 to 13 cold spots and 
1 to 2 hot spots per 1cm.? On the back of the hand there are from 100 to 
200 pain spots per 1 cm.? of the skin surface. Most of the tactile spots are 
located in the skin of the finger-tips, palm of the hand, plantar surface of 
the foot, tip of the tongue and some other sites. The average number of 
these spots is about 25 per 1 cm.? 


Structure of Cutaneous Analyser 


Receptor apparatus of cutaneous analyser. As before stated, the receptor 
surface of the skin is the peripheral end of the cutaneous analyser, which 
includes four separate receptor systems producing as a result of stimula- 
tion qualitatively different sensations. The structural division of the skin 
receptors into four categories holds 
true only relatively. Actually the 
number of various structures of the 
nervous end-organs in the skin con- 
siderably exceeds that of the afore- 
said systems. 

Tactile reception is represented 
in the skin by various receptors 
(Fig. 287). It is well known that the 
greater part of the human skin sur- 
face (about 95 percent) is covered 
with hair, which is sometimes but 
little developed and therefore hard- 
ly perceptible. In the hair-covered 
skin the tactile receptors are nerve 
plexuses around the hair bulb. In 
the hairless skin there are special 
nerve endings responding to tac- 
tile stimulation—Meissner’s cor- 
puscles possessing a fine capsule 
of connective tissuc in the deep 
layers of the skin. Merkel’s cor- 
puscles or tactile discs are lo- Fig. 287. Receptor end-organs of the skin: 
cated in the epithelium of the  a.—Puciniun corpuscle; b- -Meiasner’s  corpusele; 
skin of the hands, legs, breast, ¢ nerve plexus around hair bulb: d- Krause's cnd- 
back and other parts of the bulba; -free nerve ending. 
body. 

The end apparatuses of cutaneous thermal reception are not very well 
known as yet. Krause’s end-bulbs are believed to be the specific receptors 
of cold stimulation; and Golgi-Mazzoni corpuscles, of heat stimulation. 
Special receptors of pain stimulation are, apparently, represented by the 
free nerve endings located between the epithelial cells. In the light of the 
latest experimental data, the existence of special pain receptors seems to 
be quite probable. However, some authors regard the sensation of pain only 
as a result of intensified stimulation of the tactile and thermal receptors. 

Conducting tracts and brain end of cutaneous analyser. Electro- 
physiological investigations have shown that all the afferent fibres may be 
divided into the following three groups according to the rate at which thev 
conduct excitation: group A—myelinated fibres with a diameter of 8 to 12 4 
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and with a rate of conduction of up to 120 m. per second; group B—myelin- 
ated fibres of 4 to 8s and with a rate of conduction of 15 to 40 m. per 
second; group C—fibres below 4u in diameter with a rate of conduction 
of 0.5 to 15 m. per second. Fine unmyelinated fibres have been found to 
participate in the conduction of pain impulses. 

Within the central nervous system the tracts of the four systems of 
cutaneous reception are distributed strictly according to their functions. 

The nerve fibres connected with tactile and muscular reception run un- 
interruptedly to the posterior columns of the spinal cord (the columns of 
Goll and Burdach) and with them reach the medulla oblongata. A second- 
ary tract (tractus bulbo-thalamicus), whose fibres cross and proceed to the 
ventral nuclei of the thalamus, arises in the nuclei of the columns. 

The nerve fibres relating to pain and probably thermal reception reach 
through the posterior roots the gray matter of the posterior horns, whose 
cells give rise to the second afferent neuron. From here the nerve fibres 
cross through the anterior commissure to the opposite side, enter the 
white matter of the lateral columns and form the tractus spino-thalami- 
cus lateralis whose fibres terminate in the nuclei of the thalamus. From 
these thalamic neurons axons ascend to the cerebral cortex, but the exact 
location of the “pain” analyser in the cerebral cortex is still unknown. 

The central, or cerebral division of the human cutancous analyser is 
formed by the area of the postcentral convolution. Surgical operations 
under local anaesthesia showed that stimulation of this cortical area by an 
electric current evoked various tactile and thermal sensations in the 
patient, though the patient did not feel any pain. But the possibility of 
elaborating conditioned reflexes reinforced by pain stimulations, which 
was established in Pavlov’s laboratories, testifies to the existence of a 
cortical representation of pain sensibility. 

Experimental unilateral lesions of the brain end of the cutaneous analyser 
in animals, as a rule, showed derangements in the sensitivity of the skin 
to touch and to thermal and pain stimulation. These phenomena are trans- 
itory; the sensitivity is soon functionally restored, but it is always incom- 
plete. Delicate sensitivity and the ability of precise localization of the site 
of stimulation disappear for ever. It is quite probable that in a unilateral] 
lesion of the brain end of the cutaneous analyser sensitivity is recovered 
because cutaneous reception of each side of the body has its own repre- 
sentation in the cortex of both hemispheres. This is also corroborated by 
the experiments of I. Rosenthal (in Pavlov’s laboratory) who demonstrated 
that in the dog deprived of one cerebral hemisphere a conditioned reflex 
elaborated to cutaneous mechanical stimulation of the side corresponding 
to that of the removed hemisphere, is reproduced at once, without prelim- 
inary elaboration, when the skin on the opposite side is stimulated. 


Tactile Reception 


As before stated, tactile reception is characterized by two principal 
varieties—reception of touch and reception of pressure. Testing the sensi- 
tivity of the skin, for example, with Frey's hairs it is possible to establish 
definite spots which react to pressure, but do not react to thermal stim- 
ulation; contrariwise, the receptor end apparatuses which react to ther- 
mal stimuli do not react to tactile stimuli. This shows that tactile and 
thermal sensations are produced by stimulation of different receptors. 
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A tactile sensation—of touch or pressure—is produced only when the 
mechanical stimulus deforms the skin surface. Pressure on a very small 
area of the skin shows maximum deformation directly at the point of 
application of the stimulus. But pressure on a large surface, for instance 
by a plate or disc, shows maximum pressure in the parts of the skin 
lying along the border of the pressed-in area. This can be easily proved by 
dipping the hand into mercury which has the same temperature as the 
hand. The sensation of pressure is localized not on the entire surface ot 
the hand submerged into the mercury, but only on the part which passes 
through the surface of the liquid. If the pressure is evenly distributed 
over the entire surface of the body, as is the case with atmospheric pres- 
sure or hydrostatic pressure during submersion into water, it does not 
evoke any sensation whatever. 

The intensity of sensation depends on the rate of deformation of the 
skin: the quicker the deformation, the stronger the effect. 


Since receptor apparatuses reacting to mechanica) stimulations are unevenly 
distributed over the skin, different arcas of the latter possess different sensitivity. In 
view of this, the degree of sensitivity of cach area should be ascertained separately. 
For this purpose a definite small arca of the skin is chosen, and the thresholds of 
pressure for many of its points are established by means of calibrated Frey’s hairs. 
As a result, a certain mean threshold for the given area is obtained. 

If the minimal sensitivity observed in the region of the back, along its mid-line, 
is taken us one, on the remaining surface of the skin the sensitivity to pressure is 
distributed as follows. 


Abdomen, along the mid-line. . . . . . 1.08 
Chest, along the mid-line . . . . . . . 1.39 
Chest, lateral surface. ....... 1789 
Shoulder, flexor surface. . .... . . 3.0t 
Back of foot . ©... . 3.38 
Area of the radiocarpal joint. bese fan cee 3B 
Upper eyelid . . . eda lve GTG 
Forehead . . a T7 


The finger-tips, the tip of the tongue and the border of the lower lip are much 
more sensitive. 


The excitability of the tactile receptors varies with a number of con- 
ditions: heating the skin raises the excitability, cooling the skin diminishes 
it. Mechanical stimulation of the skin rapidly reduces the excitability of 
the tactile receptors, i.e., they adapt themselves. The duration of the adap- 
tation increases together with the strength of the stimulus, but diminishes 
with the increase of the stimulated surface. 

Localization of mechanical stimulations is very exact. A thorough in- 
vestigation of the ability to localize tactile stimulations was carried out by 
Weber who used for this purpose a pair of compasses with blunt points. 
Weber found that separate sensations were obtained only when there was 
a definite space between the legs of the compasses. The minimal space 
required to obtain response to two different stimulations considerably 
varies in different areas of the skin. The highest sensitivity is exhibited at 
the tip of the tongue, which responds to two separate stimulations applied 
1.1 mm. apart. Then come the volar surface of the fingers, 2.2 mm.; the tip 
of the nose, 6.8 mm.; the middle of the palm, 8.9 mm.; and finally the 
mid-line of the neck and of the back, 67 mm. 

When pressure is exerted on a large surface of the skin, it is perceived 
by each end apparatus separately, but the proximity of various receptor 
points to each other produces a unified sensation. 
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A conditioned reflex can be elaborated to any mechanical stimulation 
of the skin (touch, pressure, scratching, etc.). If a tactile stimulus is taken 
as a conditioned stimulus and a stable conditioned reflex is elaborated to 
it, all other mechanical stimulations of the skin (pressure, stroking) will 
evoke a conditioned reaction at their first application without any prelim- 
inary elaboration. But tactile stimulations are not fully generalized. Two 
tactile stimuli situated at different points are easily discriminated. But 
if the stimuli are situated in symmetric areas of the skin, for example, on 
the right and left thighs, a differentiation is impossible or it is elaborated 
with great difficulty and it is unstable. 


Thermal Reception 


According to widespread ideas, thermal reception includes two separate 
receptor systems—heat and cold reception. 

Hot and cold receptors are unevenly distributed over the skin surface. 
A detailed topographic map of heat and cold reception of the skin has 
been worked out; it has been found that the number of cold 
spots is considerably larger than that of hot spots. Subsequently a 
special apparatus, a thermo-aesthesiometer consisting of a metallic capsule 
with a thermometer, was used for studying thermal reception. Water of a 
certain tempcrature is passed through the capsule. The latter ends in a 
cone whose pointed tip is applied to the skin. It has been found that the 
skin of the trunk is more sensitive to heat than the skin of the extremities; 
on the extremities the sensitivity of the skin to heat is higher in the distal 
than in the proximal parts. 

The intensity of sensation under thermal stimulation of the skin varies 
directly with the size of the stimulated area: the same stimulus applied 
to a larger surface of the skin produces stronger sensation. If a finger is 
submerged into water having a temperature of 40°C., and the entire other 
hand into water with a temperature of 37°C., the sensation of heat will 
be more pronounced in the hand. Strong thermal stimulation evokes a sen- 
sation of pain. 

The differential threshold, i.e., the threshold of discrimination between 
intensities of thermal stimulations, depends on the temperature of the 
area of the body under investigation and on the size of the skin surface 
subjected to the action of the stimulus. The least discriminable intensity, 
about 0.5-0.7°C., has been established on the volar surface of the hand 
under the optimal temperature of the stimulus of 28°C. 

The sensation of heat or cold can be evoked by inadequate stimuli, 
i.e., mechanical, chemical or electric stimulation of the thermal points of 
the skin. 

In animals (dogs) and man conditioned reflexes can be elaborated to 
cold and heat stimulations of various parts of the skin. Thermal conditioned 
‘stimuli, especially heat stimuli, possess a peculiar property: inhibition 
is rapidly claborated to them, often reaching such intensity that not only 
the conditioned reflexes disappear, but the dog even falls fast asleep. If a 
conditioned reflex has been elaborated to heat stimulation of a cer- 
tain area of the skin, a conditioned reaction can also be obtained without 
any preliminary elaboration from the entire remaining part of the skin 
surface by the same stimulus. A reflex to a heat stimulus is widely gener- 
alized. If after the formation of a conditioned reflex to a heat stimulus 
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instead of the latter a cold or tactile stimulus is tested, no conditioned 
reaction arises. This shows that cold, heat and tactile receptions are cflect- 
ed separately. 


Pain Reception 


Pain sensations are evoked by the action of stimuli which may damage 
or destroy the tissues of the organism. Pain reception arose in the process 
of evolutionary development as a form of defensive adaptation to the sur- 
rounding medium. The reaction of the animal organism to the influence of 
external injurious stimuli is aimed at escaping or removing them. 

As before stated, pain reception is not connected with the action of 
stimuli of one definite kind; it emerges under diverse physical and chem- 
ical influences. But every pain stimulus has a definite physiological 
feature—it is injurious. 

As to cutaneous pain reception, it is well known from practice that the 
localization of sensations at the periphery is quite precise. In these cases 
sensation is always complex since the pain end apparatuses are stimulated 
simultaneously with the tactile and thermal apparatuses; as regards the 
latter man is able precisely to localize sensations. 

There are about 100 pain spots on 1 cm.? of the skin surface; they are 
represented by free nerve cndings situated in the layers of the skin under 
the epidermis. Adaptation of the pain receptors is very weak. 

Pain stimulation reflexly evokes a number of vegetative reactions which 
increase the content of adrenalin and sugar in the blood, raise blood 
pressure and increase blood coagulation (Cannon). Studies of L. Orbeli 
and his collaborators have shown that intense secretion of hormones of the 
hypophysis into the blood plays an important role in the reactions to pain 
stimulations. 

Excessively strong pain stimulations may profoundly disturb the regu- 
latory activity of the central nervous system, sharply reduce the blood 
pressure, weaken cardiac activity, derange respiration and thermoregula- 
tion, etc. 

Pavlov’s laboratories, and subsequently Bykov’s co-workers demonstrat- 
ed that a reaction to pain stimulation could be evoked or suppressed by a 
conditioned stimulus. These investigations testify to the leading role of 
the cerebral cortex in the formation of the sense of pain. 


Head, a British ncuropathologist, proposed that two separate systems of sensibility 
be distinguished in man: the protopathic (phylogenetically older) system and the 
epicritic (phylogenetically younger) system. He included pain and coarse thermal 
sensibility in the first system, and tactile and fine thermal sensibility in the second 
system. According to Head, both systems are in constant interaction, epicritic sen- 
sibility inhibiting protopathic sensibility. Head made this conclusion by observing 
himself. His observations showed that the cutaneous sensibility after transection of 
the superficial branch of n. radialis recovered as follows: heightened pain sensibility, 
localized with difficulty, and coarse thermal sensibility appeared first; fine culaneous 
sensibility to weak tactile and thermal influences was recovered later. Head's con- 
clusion concerning the separate existence and different phylogenetic periods of the 
aforesaid types of sensibility is based on the unsubstantiated assumption that the 
process of recovery of temporarily lost sensibility in man reproduces the phylogenetic 
sequence of development of different types of sensibility. It will be observed thal, 
according to other authors, who repeated Head's experiment on themselves, the 
process of recovery of sensibility does not always develop in the sequence observed 
by Head. 
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CHAPTER 68 
OLFACTION AND TASTE 
Olfaction 


The receptor apparatuses, whose specific stimuli are different chemical 
substances, are called chemoreceptors and are the peripheral divisions of 
corresponding analysers. As before stated, the internal organs and tissues 
contain a large number of chemoreceptors which belong to the internal 
analysers. There are two external analysers responding to chemical 
stimulations; they are the olfactory) and taste analysers. The receptors of 
the former are usually stimulated by gaseous substances, while the recep- 
tors of the latter by solutes. Chemical reception is phylogenetically one of 
the oldest forms of the organism's connection with the environment. 

In aquatic animals the chemoreceptors are stimulated by chemical substances 
dissolved in the surrounding medium; they function on the principle of contact 
receptors and play a very important biological role. In terrestrial animals the func- 
tions of the external chemoreceptors are differentiated: some of them become taste 
receptors; others, olfactory receptors. 

This differentiation is clearly pronounced in insects. Insects possess chemoreceptors 
which act at a distance and those which act upon direct contact. Of course, these 
organs can be called olfactory and taste organs only conventionally. In insects olfac- 
tion is the most important and most spccialized sense after touch, and serves for 
perceiving odours of different biological significance, such as food odours, the odour 
of the female, etc. 


The olfactory analyser is differently developed in various vertebrates. In 
some of them the sense of smell is relatively but little developed; these 
animals belong to so-called microsmatics (birds, monkeys, human beings). 
Other animals possess a highly developed sense of smell and belong to 
macrosmatics which include most of the mammals. In some mammals 
(dolphins) the sense of smell is absent altogether, and they belong to 
anosmatics. 

Structure of olfactory analyser. The pheripheral receptor apparatus of 
the olfaciory analyser is situated in the nasal cavity. In the region of the 
upper nasal passage and in the posterior upper part of the nasal septum 
the mucous membrane is thick and of a yellowish brown colour; this is 
the so-called olfactory area which in adults occupies about 2.5 sq.cm. In 
a newborn child it is considerably larger, the yellowish colour of the 
mucous membrane overlapping the middle concha. 

The receptor apparatus of the olfactory analyser consists of three kinds 
of cells—olfactory, sustentacular and basal; which form the olfactory epi- 
thelium. The olfactory cells are spindle-shaped. The free end of such a 
cell reaches the surface of the olfactory epithelium and terminates by a 
swelling—a ciliated olfactory vesicle. The olfactory vesicles are immersed 
in a semiliquid external membrane formed by the sustentacular cells. For 
every 160 olfactory cells there are about 100 sustentacular cells. The 
latter, which are of a cylindrical form, pass through the entire thickness 
of the epithelium and by their bases adjoin the basal cells. The epithelium 
is also pierced by the ducts of the serous glands. The inner end of each 
olfactory cell is continued in the shape of a nerve fibre. These fibres come 
together forming thin threads (fila olfactoria), pass through the apertures 
of the cribriform bone into the cranial cavity and form connections with 
the nerve cells of the olfactory bulbs. Nerve fibres extending from both 
olfactory bulbs are united into a thick bundle—the olfactory tract which 
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on its further way forms a triangular band. The human olfactory tract 
together with the bulb represents an underdeveloped olfactory gyrus of the 


macrosmatic animals. From 
the olfactory triangle the 
fibres of the olfactory tract 
extend in separate bundles 
(Fig. 288); within the 
lateral olfactory bundle 
they enter the uncus of 
hippocampal gyrus; a small 
number of fibres cross 
through the anterior com- 
missure to the opposite 
side; some of the fibres 
extend to the gray matter 
of septum pellucidum, 
others to substantia per- 
forata anterior. In animals 
with a highly developed 
sense of smell the latter 
part of the brain is quite 
large and is designated as 
lobus parolfactorius. 





Fig. 288. Olfuctory brain (diagram). 
1. fuscia dentata; 2—pyr. hippocampi; 3 -uneua; J > sub. 
stantia perforate anterior; 3- stris lateralis; 6G- stria inter 
media; 7-—tractun olfactorius; S bolbus olfactoriua; §---com- 
misura anterior; JO fornix; JI septum pellucidum; 72 cor- 
pus callosum, 


The cortical division of the olfactory analyser is situated in the region 
of the uncus of the hippocampal gyrus, as was shown at the beginning of 





Fig. 289. Right nasal cavity. 


show direction of air flow during inspiration. 


this century by Gorshkov and Kastanyan and recently corroborated by 
electrophysiological studies. The olfactory centres are connected with 
numerous efferent centres of the diencephalon and midbrain. 
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Mechanism of action of odoriferous substances on receptors of olfactory 
analyser. Odoriferous substances reach the olfactory area in two ways: 
when air is inspired through the nose and when it is expired from the oral 
cavity through the choanae (Fig. 289). During respiration through the 
mouth, or during quiet. respiration through the nose, when the stream of 
the inspired air almost fully goes through the lower nasal passage, odori- 
ferous substances scarcely reach the mucous membrane of the olfactory 
area. In order to obtain a distinct sensation of smell, it is necessary to per- 
form one deep inspiratory movement or several quick and short inspiratory 
movements. 

In the act of eating the receptors of the olfactory analyser are stimulated 
by the air expired through the choanae during mastication. Thus, the 
olfactory analyser differentiates not only the odour of the air which comes 
from the exterior through the nasal cavity, but also the odour of food 
which is in the oral cavity. 

Some odoriferous substances stimulate the sensory endings of the tri- 
geminal nerve which lie in the mucous membrane of the nasal cavity. 
Under the action of these substances, especially in large concentration, 
reflex changes in the organism, mainly in respiration are observed. Sus- 
pension of respiration, often observed at the beginning of ether or chloro- 
form anaesthesia, is an example of such reflex reactions. 

It has been found that odoriferous substances such as clove, lavender, 
anise, benzene, xylene, and many others stimulate only the olfactory cells. 
These substances belong to purely olfactive (odoriferous) substances. But 
the odours of camphor, pyridine, phenol, ether, chloroform, etc., which act 
not only on the olfactory apparatus but also on the sensory endings of the 
trigeminal nerve, are mixed odours. 

Olfactory acuity. The acuity of olfaction is characterized by the thresh- 
old of sensation, i.e., the minimal quantity of odoriferous substances 
which can evoke the sensation of smell. Special apparatuses (olfactometers) 
ior measuring the acuity of olfaction have been designed. 


An olfactometer consists of a wide-necked bottle with a capacity of 500 cu.cm., In 
which a liquid or solid odoriferous substance is placed. Two tubes pass into the 
bottle through a rubber plug in its neck: one is made of glass, the other of metal. One 
end of the glass tube, which is bent at right angles, is inserted deep in the bottle; 
the other end has a rubber head with a cock in it. The exterior end of the short 
metallic tube is connected through an exhaust valve with a tube which terminates 
in two olives. 

To measure the acuity of olfaction a strictly dosed volume of air is introduced 
into the bottle with a syringe through the rubber head and glass tube (with cock 
open); owing to this the pressure inside the bottle (with exhaust valve closed) rises 
compared with outside pressure. Then the cock is closed and the olives are put into 
the subject’s nostrils. Opening of the exhaust valve with a special lever equalizes 
the pressure and a stream of air containing vapours of the odoriferous substance, 
which acts upon the olfactory receptors, enters the nostrils from the bottle. 

According to this method, the minima] volume of air (measured in cubic cm.), 
which must be put into the bottle in order that the stream of air entcring the nasal 
cavity evoke an olfactory sensation, constitutes the index of olfactory acuity, or the 
“olfactory coefficient.” This method makes it possible to introduce strictly dosed 
amounts of vapours of odoriferous substances into the nasal cavity. The atmospheric 
pressure and tempcrature known, it is possible to estimate the partial pressure and 
the concentration of vapours of odoriferous substances in the bottle. 


Table 29 contains data characterizing the acuity of olfaction in man. The 
concentration of odours is shown in milligrams of odoriferous substance 
per one litre of air. 


Table 29 


Odoriferous Intonsity of odour 


Subatan | Threshold | Weak | Appreciable 
Ethylic ether..... | 5.833 | 10.167 14.944 
Chloroform ....... | 3.300 | 6.800 12.733 
Ethyl acetate .... f 0.686 1.224 | 2.219 
Pyridine ......... | 0.032 j 0.146 | 0.301 
Butyrie acid...... 0.009 i 0.021 | 0.066 
Propylmereaptan . | 0.006 0.0020 0.028 
Artificial musk ... | 0.00004 = | S 





The acuity of olfaction with regard to the same odoriferous substance 
greatly varies in different people. It also greatly varies with many condi- 
tions in the same person. External factors, such as humidity, temperature, 
atmospheric pressure, etc., considerably affect the variation of the thresh- 
olds of olfaction. Internal factors, i.e., changes in the organism, are still 
more important. For example, the swelling of the nasal mucous membrane 
resulting from a cold in the head depresses the acuity of olfaction. 

Changes in olfactory acuity due to adaptation are particularly pronounced. 
It is a well-known fact that persons whose work is connected with various 
unpleasant odoriferous substances soon become so accustomed to these 
odours that they no longer perceive them. Long-continued inhalation of 
an odoriferous substance through one half of the nasal cavity results in 
adaptation not only on the stimulated side, but on the other side as well. It 
follows that the process of adaptation also occurs in the central divisions of 
the olfactory analyser. Complete adaptation to a certain odour, i.e., total 
inability to perceive it, may not affect the acuity of olfaction for cther 
odours. 


Taste 


The food coming into direct contact with the mucous membrane of the 
oral cavity is tasted with the help of the taste analyser. The complex 
mechanism of digestion is reflexly put in operation from the receptive field 
of the oral cavity. 

Structure of taste analyser. The mucous membrane of the oral cavity 
contains special formations—so-called taste buds, which are the spccific 
end apparatuses that respond to taste stimuli. In the adult these taste buds 
are located predominantly on the tip of the tongue, on its dorsal and lateral 
surface (except the mid-dorsal region), on the anterior and posterior sur- 
faces of the epiglottis, the back of the pharynx, the anterior uvula and the 
soft palate. In children the taste buds are scattered over a much wider area 
than in adults. In old age the number of taste buds diminishes. 

Taste buds are found as separate inclusions in the epithelium of the 
mucous membrane, but on the tongue they are situated around the bases 
of the papillae. In man there are circumvallate, foliate and fungiform 
papillae which contain taste buds (Fig. 290). 

The taste buds are so located that they penetrate through the entire 
epidermis, reaching its free surface. They resemble flasks with small open- 
ings to the outside—gustatory pores. Each taste bud consists of two types 
of cells: exterior—sustentacular, and interior—gustatory. Nerve fibres 
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extending from the subepithelial plexus enter the taste buds where they 
freely terminate; other fibres are situated between individual taste buds. 
The innervation of the gustatory area is very complex. Vertebrates do 
not possess special gustatory nerves as they do olfactory receptors. Taste 
buds in various parts of the mucous membrane of the oral cavity receive 
nerve fibres from four different nerves—glossopharyngeal, vagus, facial 
and trigeminal. The vagus (its branch the superior laryngeal nerve) inner- 
vates the larynx, the epiglottis and part of the 
posterior surface of the tongue; the glossopha- 
ryngeal innervates the posterior third of the 





Fig. 290. Taste papillae in tongue. Fig. 291. Innervation of mu- 
-L filiform papillac containing no tasto buds and related to vosa of tongue. 
tactile sensibility; J—fungiform papilla; (© cireumvaliate Horizontal lines --arca innervated 
papilla: J). -folinte: papillae. by lingual nerve; oblique lines. 


area innervated by glossopharyn- 
geal nervo; dota -area innervated 
hy auperior luryngeal nerve, 


tongue, while the lingual nerve and the chorda typmani (branch of the facial 
nerve) innervate the anterior two-thirds of the tongue (Fig. 291). After 
transection of the gustatory nerve fibres the taste buds degenerate. 

All the gustatory fibres enter the so-called solitary fascicle (fasciculus 
solitarius) of the medulla oblongata and terminate in the region of its 
nucleus (nucleus terminalis). From here the gustatory fibres (the secondary 
afferent tract) run to the thalamus where they terminate in the nucleus 
ventralis and nucleus medialis. Here is where the third neuron arises. The 
central, or cortical end of the taste analyser, has not yet been exactly 
localized. Recent experimental studies, however, have confirmed the old 
data, according to which the centre of taste is located in the base of the 
hemispheres near the olfactory area of gyrus hippocampi. 

Experiments on rabbits localized the taste centre by recording electric 
potentials which arise in the brain under stimulation of the tongue by 
various flavouring substances; it turned out that in the region of gyr. hip- 
pocampi, somewhat posterior to the olfactory area, the electric phenomena 
were most pronounced. After painting the tongue with a 5 per cent solu- 
tion of cocaine stimulation by flavouring substances failed to modify the 
electric potentials. 


Flavouring substances and methods of testing taste. The taste receptors 
are stimulated by most diverse dissolved substances. Substances which are 
not dissolved in water are tasteless; distilled water is also tasteless. There 
are four groups of flavouring substances which produce four kinds of 
primary taste sensations: sour, salty, bitter and sweet. 

Different flavours of our food result from a number of sensations which 
arise because on the surface of the tongue, along with special taste buds, 
there are other sensory nerve endings receiving thermal, tactile and pain 
stimulations. Thus a number of other sensations added by the sense of 
smell arise simultaneously with taste sensations. A complex combination 
of stimuli gives rise 1o different shades of gustatory sensations, such as the 
metallic taste of colloidal solutions of heavy metals (silver, mercury and 
others), and the alkaline taste produced by moistening the tongue with a 
weak solution of caustic alkali or soda. 

The sour sensation results mainly from stimulation of the gustatory 
nerve endings by acids or acid salts (by taste alone it is impossible to 
distinguish hydrochloric acid from sulphuric or nitric acid). If the con- 
centration of H ions is equal, the sensation of sour taste is the same. Very 
weak solutions of acid do not produce a sour sensation and cannot be dis- 
tinguished in taste from distilled water. Solutions of mineral acids with a 
molar concentration of 0.00125 to 0.001 constitute the threshold gustatory 
stimulus. 

Sodium chloride is a typical representative of the group of substances 
which produce the sensation of salt. A similar gustatory sensation is evoked 
by chlorides of potassium, lithium, ammonia and magnesium. The sensation 
cf salt is due to the presence of anions in the solution. Along with anions 
of chlorine, the salt taste is conditioned by the presence of anions of iodine 
and bromine. 

The bitter sensation is produced by almost all alkaloids and by a number 
of other substances, such as glucosides, picric acid, ether and some in- 
organic salts (for example, magnesium sulphate). Alkaloids—quinine, mor- 
phine, cocaine, pilocarpine, nicotine, and strychnine—are typical repre- 
sentatives of the group of bitter substances, which possess the highest 
ability to produce a bitter taste. For example, 0.000005 gr. of strychnine in 
5 mls. of solution imparts a distinct bitter taste to the latter. 

The group of substances which produce the sweet sensation includes 
diatomic alcohols, or glycols, polyatomic alcohols, monosaccharides (glu- 
cose, fructose, galactose, etc.), disaccharides (saccharose, maltose, lactose) 
and polysaccharides. Thus, various types of sugar possess a sweet taste. 
but saccharin, and some salts of lead, for example, neutral lead acetate, 
known as lead sugar, also taste sweet. There are apparently no reasons to 
assert that a similarity in chemical structure is the only cause of similar 
gustatory sensations. 

In addition to the foregoing adequate stimuli, taste sensations can be 
produced by stimulating the tongue with electric current. If the anode is 
applied to the tongue and the cathode to some other part of the body the 
electric current produces a sensation of sour—a reverse position of the 
electrodes gives rise to a sensation of an alkaline taste. 

Weak solutions of the representatives of the four principal groups of 
flavouring substances, namely, hydrochloric acid, sodium chloride, quinine 
and sugar are used to test gustatory sensibility. These solutions are applied 
to different areas of the tongue with a pipette or a very small sponge at- 
tached to a thin stick; fine brushes are used to apply powdery substances. 
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The tests are performed at intervals of at least five minutes. After each 
test the mouth is rinsed with distilled water. 

Zonal distribution of taste sensibility on surface of tongue. The surface 
of the tongue is not equally sensitive to various kinds of gustatory stimuli: 
sweet stimuli are best perceived on the tip of the tongue and least at its 
base; the basal portion of the tongue is most sensitive to bitter stimuli, 
while the tip of the tongue reacts least to such stimuli; the tip and edges 
of the tongue are most sensitive to salt substances, and the middle part 
of the lateral surface to sour substances. 

Thus, the gustatory zones of the tongue differ distinctly in their sensi- 
tivity to various flavouring substances, although each area of the tongue 
containing papillae can simultaneously perceive different gustatory stimuli. 
This distribution of gustatory sensitivily on the surface of the tongue can 
be explained if we assume that there are special receptors for each of the 
four primary taste sensations. Since each papilla contains several taste 
buds, it can be assumed that some papillae are sensitive to several groups 
of flavouring substances. 

Studies of gustatory adaptation show, for example, that decreased sensi- 
tivity to sweet resulting from application of sugar does not affect the sensi- 
tivity to bitter, sour or salt substances. 

Various taste sensations disappear under the action of different pharma- 
cological substances. When Gymnema acid is applied to the tongue, the 
sweet and bitter sensations are lost, while the sensitivity to salt and sour 
stimuli persists. Stovaine acts in a similar way. Cocaine evokes a consecu- 
tive disappearance of different kinds of sensibility of the tongue: first pain 
sensibility disappears, then the bitter, sweet, salt and sour sensations, and, 
finally, the sense of touch. 

It has been demonstrated in K. Bykov's laboratory that the gustatory 
sensations can be distorted if the conditioned stimulus connected with the 
action of a substance belonging to one group coincides in time with the 
action of a substance belonging to another group. In such cases the subject 
usually perceives the taste of the substance with which the conditioned 
stimulus is connected. 

Experiments with blending various flavouring substances, carried out in 
P. Lazarev’s laboratory, have confirmed the possibility of synthesizing 
most diverse gustatory properties (the taste of tea, coffee, cocoa, grapes, 
etc.) with the help of the four principal gustatory stimuli, taken in different 
concentrations. 

Disorders of gustation. The loss of taste sensibility, or ageusia, is observed in various 
pathological states; it is most frequently a decline of gustatory sensibility, or hypo- 
geusia. A case has been described in which all flavouring substances produced only 
one gustatory sensation, that of salt. There are frequent cases of tasle perversion 
(parageusia), when the patients eat various substances loathed by normal people. 


Diseases of the temporal lobe of the brain may be accompanied by gustatory hallu- 
cinations. 


CHAPTER 69 
INTERNAL ANALYSERS 
General Characteristics of Interoceptors 


Changes in the internal environment of the organism are perceived by 
numerous receptors (interoceptors) situated in the walls of the blood vessels 
and in various organs and tissues. The receptor nerve structures constitute 


690 


the peripheral division of the internal analysers which, like the external 
analysers, consist of three divisions: the peripheral receptor apparatus, the 
conductive division and the central end in the cerebral cortex. There is a 
substantial difference, however, between the functions of the external and 
internal analysers. Sensations connected with the activity of the internal 
analysers cannot be exactly localized and are usually diffuse. These sensa- 
tions include hunger, thirst, urge for urination and defaecation, sexual 
sensations, etc.; they are of a complex nature and arise as a result of chem- 
ical and mechanical stimulations of various receptor apparatuses located in 
a given system of organs. 

Much less is known about the receptor apparatus of the internal organs 
than about the external receptors. It should be recalled that in the aortic 
arch and in the region where the carotid arteries divide there are pressure 
receptors and chemoreceptors. Numerous receptor formations of various 
kinds—from the Krause bulbs to the pacinian corpuscles and free end- 
ings—have been found in the adventitia of the blood vessels, in the 
gastrointestinal tract and mesentery, in the lungs and other organs. The 
morphological researches of B. Lavrentyev and of his collaborators have 
contributed a good deal to the knowledge in this field. 

Interoceptors belong to the group of nervous structures whose adaptation 
is slow and weak. They react to mechanical pressure (mechanoreceptors 
and baroreceptors), to changes in the chemism of the environment 
(chemoreceptors), to modifications of the osmotic pressure (osmoreceptors) 
and to temperature changes (thermoreceptors). 

In the laboratories headed by K. Bykov, V. Chernigovsky and other 
scientists demonstrated the existence of receptors in the pericardium, stom- 
ach, intestines, spleen, and other organs. Appreciable electrophysiologi- 
cal material now on hand characterizes the activity of the receptors of 
the gastrointestinal apparatus. B. Dolgo-Saburov’s morphological studies 
have established the existence of interoceptors in various sections of the 
venous vascular bed. 

All internal receptors are connected with the cerebral cortex, which is 
proved by the elaboration of conditioned reflexes and differentiations to 
adequate stimulations of the interoceptors. Such experiments established, 
contrary to the data of old authors, the existence of thermal sensitivity 
in some internal organs, particularly, in the stomach. E. Airapetyants elab- 
orated a conditioned reflex to the introduction of water with a temper- 
ature of 36°C. into the stomach. When this reflex became stable, he was 
able to form a differentiation to the introduction of the same amount of 
water with a temperature of 26°C. 

Pavlov’s idea of cortical representation of the internal organs was sub- 
stantiated by electrophysiological experiments which demonstrated the in- 
fluence of afferent impulses from the internal organs on the bio-electric 
processes in the cerebral cortex (V. Delov). 


Pain Sensitivity of Internal Organs 


The internal organs have little or no sensitivity to stimulations whose 
action on the external surface of the body evokes the sensation of pain. 
Haller’s experiments (eighteenth century) demonstrated that cauterization 
or sectioning of the organs of the abdominal cavity in animals during 
feeding did not disturb the act of eating. 
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Observations on the sensitivity of human internal organs in the course 
of different operations performed under local anaesthesia prove Haller’s 
findings. As a matter of fact, the mechanical stimulations (sectioning, 
compressing, suturing, cauterizing, etc.), which a surgical operation inevi- 
tably entails, do not evoke any pain sensations when the surgeon deals 
with the organs of the abdominal and thoracic cavities and with the gray 
or white matter of the brain and spinal 
cord. Clinical practice shows, however, 
that internal organs affected by a patho- 
logical process can become a source of very 
keen pain sensations. 

All internal organs are supplied with 
afferent nerve fibres, most of which run in 
the same trunks as the fibres of the vege- 
tative nervous system (splanchnic vagus 
and other nerves). There is a large number 
of various receptor apparatuses in the 
internal organs. Consequently, stimulation 
influenced by a pathological process may 
reach the central nervous system and 
evoke referred action. 

G. Zakharyin, and subsequently Head, 
were the first to discover that diseases of 
internal organs were very often accom- 
panied by excessive sensibility to pain— 
hyperalgesia of various areas of the skin 
(the Zakharyin-Head zones). Heightened 
sensitivity of the skin is observed in 





Fig. 292. Diagram illustrating mech- 
anism of referred pain arising 
during stimulation of diaphragm. 
Nervous impulacs from diaphragm pro- 
vel slong phrenic nerve (7) through 
intervertebral ganglion (3) to apinal cord 
(8) on level of fourth cervical segment, 
Here they raise excitability in afforent neu- 
ron (4) and togethor with impulsea from 
this nouron paas through internuncial neu- 
ron (9) to optic thalamus (2) and thon 
teach cerebral cortex (/). Pain sensation 
dw to activity of cortex is projected along 
pathway of neuron (4) to periphery, where 
vano of heightened pain acnaitivity (3, 6) 
ip eroated, 


definite metameres (Fig. 238), namely, in 
metameres receiving afferent fibres from 
the same segment of the spinal cord that 
takes in afferent fibres from the diseased 
organ (Fig. 292). The Zakharyin-Head zones 
are of great diagnostic significance, since 
their localization is more or less constant 
in diseases of the same organ. For example, 
in heart diseases heightened sensitivity 
(hyperalgesia) is observed above the left 
shoulder blade and on the left shoulder. 
A stomach ulcer is accompanied by hyper- 
algesia of the skin areas which receive 
afferent fibres from the sixth and seventh 


thoracic segments. In visceral diseases hyperalgesia may manifest itself 
not only on the skin but also in deeper lying tissues—muscles, fasciae, 
bones. These referred modifications of sensitivity have been named viscero- 
sensory reflexes. 

Intense visceromotor reflexes, for example, a contracture of a definite 
group of muscles of the abdomen in acute diseases of the abdominal or- 
gans (défense musculaire), may be observed. 


Motor Analyser 


The receptor apparatus situated in the muscles, tendons, ligaments and 
on the surfaces of the joints is of great importance for the fine analysis 
and precise coordination of movements. The position of the body in space, 
its postures, and the passive and active movements of separate parts of the 
body are perceived through this apparatus. Because of this, these receptors 
are also called organs of muscle-joint sensibility. The receptor apparatus 
of the muscles and tendons is only the peripheral end of the motor ana- 
lyser, whose central division is situated in the cerebral cortex. 

The central ends of the motor and cutaneous analysers are formed by 
different cells of the cerebral cortex. This was shown by N. Krasnogorsky 
in experiments with dogs in which passive flexion of the paw was turned 
into a signal of an unconditioned alimentary reflex, i.e., into a conditioned 
alimentary stimulus. Conditioned reflexes to flexion persisted even after 
removal of the brain end of the cutaneous analyser. But when another 
part of the cortex—gyr. sigmoideus—was removed, a reverse picture was 
observed: reflexes to flexion disappeared, while stimulation of the skin 
of the extremity continued to evoke a conditioned reflex. 

Contractions and stretching of the muscles and tendons are specific 
stimuli for the receptors of the motor analyser which are situated in them. 
This has been convincingly demonstrated by records of action currents 
which arise in afferent nerves during the contraction or stretching of a 
muscle. 

Not only the stimulations which arise in the muscles during their con- 
traction and in the tendons and joints, but also the stimulations which 
inevitably occur in the skin at the same time, since each movement is in 
some measure accompanied by deformation of the skin, are of great im- 
portance in the analysis of the position of the body in space and of its 
displacements. 

The role and importance of the motor analyser become particularly 
clear when the function of this analyser is deranged in one of its 
divisions, for example, when the posterior roots of the spinal cord are 
damaged as a result of tabes dorsalis. Considerable disorders of coordi- 
nation of movements—ataxia—are observed in patients suffering from 
this disease. 

The consequences of a lesion of the motor analyser show what an im- 
portant role the latter plays in the highly complex and varied muscular 
activity of man. The function of the motor analyser becomes much more 
precise as a result of the constant participation of other analysers—cuta- 
neous, visual, etc. This participation is so pronounced that in various lesions 
of the motor analyser its function can be partly replaced by other ana- 
lysers. 

It will be observed that already Sechenov, and subsequently Samoilov, 
rightfully stressed the important part played by muscular activity (and, 
consequently, by the motor analyser) in our knowledge of nature and in 
our ability to influence it. 

The great importance of the motor analyser, along with the visual 
analyser, in such complex acts as perception of space, appreciation 
of distance, etc., and the role of kinesthetic sensations in speech will 
be discussed later, in sections of this text-book dealing with vision 
and speech. 
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Analyser of Positions and Movements of Head 
(Vestibular Apparatus) 


The special analyser of the position and movements of the head also 
belongs to the group of internal analysers. The receptor division of this 
analyser is situated in the labyrinth of the inner ear and is represented 
by the so-called vestibular apparatus. 

The vestibular apparatus is often designated as the labyrinth. It should 
be borne in mind, however, that the labyrinth coniains two receptor appa- 
ratuses of different physiological significance—the vestibular and the 





Fig. 293. Diagram illustrating structure of vestibular and cochlear apparatuses. 
1 -- Sasous ondolymphaticus; 2—ductus somicircularis sup.: 3 - ampulla mombranacea aup.; 4--1 triculus; 
G—-n, utricularis; 6 --n. saccularia sup.; 7 ganglion voatibulare sup.; &—yanglion veatibulare i f.; 9--n. 
vostibularia; /0 - n. facialis; 77-- n, cochlearis; 72- -ganglion spirale cochleae; 73 and 4 -first ar 
spirals of cuchloar duct; 15—oupula of cochloar duct; 76—veatibular ond of cochlear duct; 17 
ductus reunions; /9 -secculus; 20—ampulla mombrannces post.; 27—-ductus semicirculuris | 
duotus somicireularis poat.; 23 -—crus commune. 


cochlear; the former is connected with the reception of the positions and 
movements of the head, and the latter with the reception of sounds. It is 
therefore more correct to use the term “vestibular apparatus” when the 
analyser of the positions and movements of the body is implied. 
Although other analysers—visual, motor and cutaneous—also perceive 
changes in the position and movements of the hcad, the vestibular 
apparatus plays a special role in this respect. It reacts not to uniform 
rectilinear or rotatory movements, but to acceleration or deceleration of 
these movements. Persons with an underdeveloped or damaged vestibular 
apparatus (such persons occur among absolutely deaf people) can distinguish 
the beginning and end only of jerky movements. Bilateral destruction of the 
vestibular apparatus in animals gives rise to profound locomotor disturb- 
ances; in time, however, these disturbances can be compensated in some 
measure by the activity of other analysers, mainly, the visual analyser. 
The vestibular apparatus includes two little membranous sacs (utriculus 
and sacculus) and three semicircular canals (Fig. 293). Each of the sacs 
filled with endolymph has one elevation or spot (macula) which contains 
the hair cells of sensory epithelium and the endings of the fibres of the 
vestibular nerve. The free ends of the hairs penetrate the semitransparent 


694 


gelatinous substance (otolith membrane) which contains microscopic crys- 
tals of calcium phosphate and calcium carbonate. 

The membranous semicircular canals are situated in the osseous canals 
of the labyrinth which lie in three planes at right angles to one another— 
the frontal, sagittal and horizontal planes (Fig. 294). The canals contain 
endolymph and communicate with the utricle through five openings: the 
bends of two canals (superior and posterior) are connected. At the end of 
each canal which opens into the utricle, there is a thickening (ampulla) 
within which lies a small prominence—a crest (crista ampullaris). The 
latter is a receptor structure which con- 
tains endings of the fibres of the vestibular 
nerve, It consists of sensitive epithelial hair 
cells and sustentacular cells. The hairs pro- 
ject into a dome-shaped semitransparent 
mass (cupula ampullaris) which covers the 
entire length of the crest (Fig. 295). 

As before stated, accelerated or decel- 
erated rotation is an adequate stimulus for 
the semicircular canals. The endolymph 
contained in the semicircular canals is 
displaced by inertia and deflects the 
cupula. This bends the sensitive hairs 
which stimulates the nerve endings. 

Other adequate stimuli of the otoliths are: 
acceleration or deceleration of rectilinear 
motion, jolting, tossing, and any changes in 
the position of the head and of the whole 
body, which displace the otolith membrane. Fig, 294. Location of semicircular 
In these cases they are stimulated by canals and cochlea in bones of skull 
tension of the sensitive hairs or the pressure (diagram). 
of the otolith membrane upon them. 

The primary neuron of the vestibular nerve (ganglion vestibulare) is 
situated in the internal auditory meatus. Each cell of this ganglion gives 
off two processes: one of these processes extends to the otolith apparatus 
or to the ampullae of the semicircular canals, the other to the medulla 
oblongata. The central processes form the root of the vestibular nerve. On 
reaching the medulla oblongata some fibres of the root run to the vermis 
of the cerebellum and some terminate in the so-called vestibular nuclci 
lying in the region of the tectum of pons Varolii. Part of the root of the 
vestibular nerve which reaches the nuclei of the medulla oblongata divides 
into a descending and ascending bundles; the former ends in Deiters’ 
nucleus (nucleus n. vestibularis lateralis), the latter in Schwalbe’s (nucleus 
vestibularis medialis) and Bekhterev’s (nucleus superior) nuclei. Fibres 
issuing from the vestibular nuclei run to the nuclei of the cerebellum, 
from where they proceed to the higher structures and further to the 
cerebral cortex. Deiters’ nucleus projects a descending bundle of fibres 
which, apparently, conducts vestibular reflexes to the muscles of the neck, 
trunk and limbs; it also projects fibres extending to the nuclei of the motor 
nerves of the eye muscles. These fibres are pathways along which vesti- 
bular reflexes to the motor apparatus of the eye (nystagmus and compen- 
satory pose of the eyes) are effected. 

The central division of this analyser is situated in the cerebral cortex. 
Although this division has not been localized yet, clinical and experi- 
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mental data show a connection between the cerebral cortex and the vesti- 
bular apparatus. One such proof is the possibility of elaborating condi- 
tioned reflexes to rotation (N. Popov). A special chamber with a dog in it 
was suspended from a strap, and the unwinding of the latter was used 
as a conditioned stimulus. Ten to fifteen seconds 
after the beginning of rotation acid was introduced 
into the dog’s mouth. After several such com- 
binations conditioned salivation appeared as a 
result of rotation alone. For control purposes a dif- 
ferentiation to rotation in the opposite direction 
was elaborated. 

The vestibular apparatus not only perceives 
acceleration of rotational and linear motion, but is 
also a receptive field for a number of reflexes 
which evoke appreciable changes in the organism. 
These changes may be expressed in the redistri- 
bution of the muscular tone of the neck, trunk, 
limbs and eyes (Chapter 58). 

The usual methed applied in the clinic and in 
experimental research for adequate stimulation of 
the semicircular canals consists in rotation on the 
vertical axis on the so-called chair of Barany at 
the rate of one rotation per two seconds. During 
this rotation the eyes of the subject are closed: 
depending on the position of the head it is possible 
to stimulate the three pairs of semicircular canals 
separately. A number of symptoms developing as 
a result of such stimulation are used for ascertain- 
ing the excitability of the vestibular apparatus. 

As a rule, rotation is followed by postrotatory 
oot os i : nystagmus—quick rhythmic jerking of the eye 
ie pele NPY TN balls in the direction opposite to rotation. This 

circular canals. nystagmus usually lasts 25 to 40 seconds and some- 
Section through cupulu and times up to 80 seconds and over, depending on the 
erisia ampullarin (1); 2-—eella excitability of the vestibular apparatus. The dura- 


with haim immermed in dome. 


shapod jelly like maw covering tion Of postrotatory nystagmus diminishes by 
creat; 3---sustentacular cella; training. 
runing waiety wll tefter Nystagmus can also be evoked by inadequate 
Kolmer). stimuli: by introduction of warm water (about 
43°C) into the external auditory meatus or cold 
water (12 to 30°C) (caloric nystagmus), and by passing a galvanic current 
through the ear (galvanic nystagmus). 

Rotation is followed, in addition to nystagmus, by a modification of the 
muscular tone of the limbs and trunk. In animals this modification is 
particularly pronounced. In order to detect this modification of the 
muscular tone in man after rotation, it is necessary to test him for active 
movements. For this purpose the subject is told to look at an object, then 
close his eyes and touch it with the hand. The hand usually misses the 
object (the past-pointing test). 

Stimulation of the semicircular canals develops a number of vegetative 
reflexes: giddiness, sweating, reddening or pallor of the skin, nausea, 
vomiting, changes in the cardiovascular system, etc. The nature and in- 
tensity of such disorders vary in different people. In individuals with a 
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highly excitable vestibular apparatus the nervous system sometimes reacts 
so violently that a pathological condition (sea and air sickness) results. 

The analyser of the positions and movements of the body plays an im- 
portant role in aviation—in flying a plane. A pilot must have a very 
sensitive analyser to feel the changes in the position of the plane. It is 
well known that the threshold of sensation of passive inclinations is con- 
siderably higher in the air during flight than on earth (provided the incli- 
nations are equal). On a plane the sensitivity of the vestibular apparatus 
considerably diminishes due to the influence of vibrations. This is why 
accelerations developing during flight, when the position of the plane is 
altered, are not infrequently below the threshold, and the pilot, when un- 
able to make use of his sight, for example, in a fog, cannot fly the plane 
without instruments. 


CHAPTER 70 
VISION 
General Characteristics of Visual Analyser 


The visual analyser is represented at its periphery by a structurally 
complex nervous formation—the retina, which contains elements sensi- 
tive to light—rods and cones. A special light refracting apparatus ensures 
the focusing of the rays which enter the eye upon the retina. All these 
structures surrounded by the vascular and supporting coats form the eye- 
ball. The cortical division of the visual analyser is represented by nerve 
cells in the occipital lobe of the cerebral cortex. 

Rays of light constitute the adequate stimulus for the visual analyser. 
In the spectrum of electromagnetic waves the visible rays occupy only a 
small region limited by wavelengths of 750 (red rays) to 400 my* (violet 
rays). Recent investigations have shown that the human visual analyser 
reacts to light rays of a wider range, i.e., 950 to 300 mpx (Pinegin), but 
sensitivity to the extreme visible rays of this range is millions of times 
as low. 

Full insensibility of the visual receptors to rays with wavelengths be- 
yond the aforesaid limits testifies to the fact that the properties of the eyes 
have developed in the course of a long evolutionary process aimed at the 
best possible adaptation to the perception of objects of the external world 
in sunlight. Biologically the insensibility of the eyes to the long-wave 
infrared rays is quite comprehensible. It is well known from physics that 
heated bodies emit light; in slightly heated bodies this luminescence is 
concentrated in the infrared part of the spectrum. The inner walls of the 
eye have a temperature of about 37°C and also emit infrared rays. Should 
the photoreceptors of the retina be sensitive to infrared rays, the interna! 
luminescence of the eye would prevent the perception of any external 
objects. “Compared with this internal light, the sun and the entire sur- 
roundings would fade away. A human being would see only the interior 
of his eye and nothing else, and this would be equivalent to blindness” 
(S. Vavilov). 

The other limit of visibility, in the region of the short waves, is also 
comprehensible from the biological point of view. This limit is close to the 
margin of the short-wave section of the sun spectrum. On the surface 


* A millimicron (mx) equals 0.001 micron or 0.000001 millimetre. 
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of the earth the sun spectrum practically ends in the wavelength of about 
290 my, since shorter waves are stopped in the atmosphere. 

Although Helmholtz, who thoroughly analysed the optic system of the 
eye, pointed out some imperfections of the eye as an optic apparatus, the 
visual analyser as a whole is still an extremely sensitive apparatus greatly 
surpassing all physical instruments. Using the visual analyser as an optic 
indicator in special experiments Vavilov was able to observe fluctuations 
of light caused by the uneven flow of quanta of light. Thus the testimony 
of the eye directly proves the quantum, intermittent nature of light. The 
maximum sensitivity of the visual analyser varies in different individuals 
from two to several dozen quanta. 

The role of the visual analyser is not confined to mere perception of ob- 
jects, of their luminosity and colours. Visual sensations are accompanied 
by afferent impulses from the tendon and muscle receptors of the eye 
muscles. These impulses arise during the movements of the eyeball and 
during the activity of the muscles which effect adaptive changes in the 
apparatus of the eye (changes in the size of the pupil and in the con- 
vexity of the crystalline lens). The joint activity of the visual and motor 
analysers also makes it possible to perceive the shapes of objects, their 
sizes, movement and distance. 


Evolution of Visual Receptor Apparatus 


Lower animals perceive light by means of photosensitive cells situated in their 
external coverings. The concentration of such cells leads to the formation of optic 
spots or optic foveae, These simplest eyes consist of a layer of photosensitive cells 
and of sustentacular cells by which they are supported. In some echinoderms pro- 
trusions—optic rods~—appear on the surface of the photosensitive cells and a red 
pigment in the cells. Such photosensitive organs serve for distinguishing the inten- 
sity of light and determining the direction of the falling light rays. In addition to 
the photosensitive cells scattered over the surface of the body worms have struc- 
turally complex cyes which resemble the eyes of insects and which, besides rctinal 
elements sensitive to light, also have a primitive optic system in the form of a lens 
and a cornea. 

The compound facet eyes of the Arthropoda (crustaceans, insects, etc.) are of 
a very peculiar structure: the chitinous covering of the cyes is composed of separate 
sections—facets. The entire eye consists of many thousands of omatidiums, elongated 
units arranged at certain angles, and isolated from each other by pigmental layers. 
Each unit is a rather complex optic system connected with the photosensitive reti- 
nal cells. Special experiments on bees and other insects have shown that a facet 
eye is quite a perfect apparatus with which the Arthropoda can perceive not only 
the intensity of light, but also the colours and shapes of objccts. 

Unlike the eyes of invertebrates which develop from the epithelium of the cover- 
ing (external ectoderm), human eyes aud those of vertebrate an mals dev: iop trom 
the nervous ectoderm of which the brain, too, is formed. They are outgrowths of 
the brain. 

In the embryo the lateral wal! of the anterior cerebral vesicle forms twin pro- 
trusions—primary optic vesicles. They grow towards the external coverings, at the 
same time remaining connected with the cavity of the third ventricle through a 
hollow stem. Tne anterior wall of the optic vesicle thickens and gradually draws 
into the vesicle forming a cup or goblet with double walls. As the optic cup comes 
nearer to the superficial coverings, a thickening is formed in the ectoderm; this 
thickening submerges into the optic cup, separates and forms the rudiment of the 
crystalline lens of the cye. The inner layer of the optic cup forms the retina; the 
external layer, the retinal pigmented layer. The cavity of the optic cup fills with 
a jelly-like vitreous body. Nerve fibres which grow from the retina towards the 
brain develop the hollow stem connecting the optic cup with the brain. Thus, on 
the basis of the nature cf the embryonic development of the eye the retina must be 
regarded as a genuine cerebral tissue, and the optic nerve as the central optic tract. 
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Phylogenetically the visual analyser in vertebrates evolves in two direc- 
tions. Owing to the development of the higher divisions of the brain, the 
higher division of the visual analyser shifts to the cerebral cortex and 
assumes new functions—those of finest analysis and synthesis. At the 
same time the development of the eye as an optic system continues: the 
pupil which does not change in size in fish, is able to modify its size in 
higher vertebrates due to the development of muscles in the iris; the mech- 
anism which adapts the eye to seeing objects clearly at various distances 
(accommodation) improves; finally, genuine binocular vision and ability 
to appreciate distance and relief visually appear. 


Structur of Visual Analyser 


The peripheral, or receptor division of the visual analyser has a very 
complex structure. The photosensitive and light-refracting apparatuses are 
situated in the eyeball. 

The wall of the almost spherical eyeball consists of three layers of coats 
superposed upon one another like the scales of a bulb (Figs. 296 and 297). 
The coats form the thick capsule of the cyeball which contains a trans- 
parent jelly-like substance—the vitreous body. 

If we examine an eyeball removed from the eye socket, we shall see on 
its external surface a fibrous coat called the sclera. The anterior portion of 
this coat forms the trans- 
parent cornea. In the 
area of the posterior 
pole of the eyeball the 
sclera envelops the trunk 
of the optic nerve enter- 
ing the eyeball. 

Under the sclera is the 
vascular coat (chorio- 
idea) abundantly sup- 
plied with blood vessels 
and pigment. Anteriorly, 
it gradually merges into 
the ciliary body which 





Fig. 296. Diagram illustrating relations of retina and of 


contains smooth muscu- optic nerve to other parts of brain. 
lar fibres forming the Jelena; 2 -vyeball; 3--optie nerve; f-- retina; 5 pigmental layer; 
ciliary muscle (m. cili- 6—corebral wall (after Herrick). 


aris). The most anterior 

portion of the vascular coat is a ring-shaped strip which fringes the pupil 
and is called the iris. The latter is supplied with muscles of two kinds— 
circular (m. sphincter pupillae) and radial (m. dilatator pupillae). Contrac- 
tion of the circular muscles constricts the pupil, while contraction of the 
radial muscles dilates it. Thus the pupil plays the role of a diaphragm 
which regulates the intensity of light falling on the photosensitive coat of 
the eye. The pigmental cells in the iris determine the colour of the eyes. In 
albinos the iris has no pigment at all. 

Behind the iris is a transparent body shaped as a biconvex lens and 
called the crystalline lens. The latter is enclosed in a transparent capsule 
attached to the ciliary body by the zonule of Zinn. Contraction of the 
ciliary muscles changes the curvature of the crystalline lens; this is impor- 
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tant for the adaptation of the eye to seeing objects at different distances. The 
space between the cornea and the iris is called the anterior chamber of the 
eye. The small space between the iris and the crystalline lens is known as 
the posterior chamber of the eye. Both chambers are filled with the 
aqueous humour. 

The third, innermost coat of the eyeball, or the retina, has a complex 
structure and contains elements sensitive to light, nerve cells and sup- 
porting structures. It is about 0.5mm. thick. The vertical cross-section 
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Fig. 297. Schematic horizontal section of right eyeball. 


of the retina of the human eye shows ten layers (Fig. 298); the tenth 
layer borders on the vitreous body of the eye, while the first layer adjoins 
the choroid. Rods and cones are the light-sensitive elements of the eye 
(Fig. 299). The human eye has a tremendous number of these elements: 
about seven million cones and several hundred million rods. They are 
unevenly distributed over the retina. Rods predominate in the peripheral 
parts of the retina and cones in its central part. Each rod is about 0.07 mm. 
long; the cones are wider than the rods but shorter. The external limbs 
of the rods contain visual purple, or rhodopsin, which fades under the 
action of light. The cones contain iodopsin, a substance sensitive to light. 

In the posterior part of the retina there are two regions with certain 
structural peculiarities. 

Ophthalmoscopic examination of the fundus oculi at the point where 
the optic nerve emerges from the eyeball shows the so-called optic disc 
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as a pale spot about 1.8mm. in diameter (Fig. 301). Since this region of 
the retina does not contain any elements sensitive to light, it is called 
the blind spot. The existence of the blind spot is demonstrated by Ma- 
riotte’s experiment (Fig. 302). The blank space in the field of vision, due 
to the blind spot, is usually not felt, since it is compensated by the activity 
of the neighbouring regions of the retina. 

At a distance of about 4 mm. laterally from the blind spot lies the yel- 
low spot (macula lutea), the region of clearest vision. This region, coloured 
yellow, contains predominantly cones. It is of an elongated oval form, its 

long axis measuring 2 to 

| CDE ST SEP a GE a a 2.9 mm. The central part of 

the yellow spot is thinned 
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central fovea which contains 
only cones. 
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optie nerve fibrva. Inner Jayem imply those whieh lie closer inner limb; — nucleus: 4 

to vitreous body of eve (after Greeff), fibre; 4 stalk, 


The rods scattered over the entire surface of the visual part of the retina. 
except the central fovea, serve for colourless vision, in which all objects 
seem to be deprived of colour, and which is, therefore, called twilight 
vision. The cones serve for colour reception. The central fovea, containing 
almost exclusively cones, is the site of “central vision” particularly sen- 
sitive to chromatic rays. 

The rod and cone apparatuses of the eye are connected with nerve ele- 
ments contained in the retina. In the region of the central fovea each cone 
is connected through an intermediate bipolar cell (Dogiel’s corpuscle) with 
one ganglionic cell in the ninth layer of the retina. In other parts of the 
retina the number of elements sensitive to light (cones and rods) exceeds 
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the number of bipolar cells, and the number of the latter is greater than 
that of the ganglionic cells. The farther from the centre of the retina, the 
more this difference increases. 

Thus, one nerve fibre is connected with dozens of end apparatuses. This 
must favour spatial summation of excitations arising in the photosensitive 
apparatuses under the action 
of light. 

The conductive division of 
the visual analyser originates 
from the ganglionic cells of the 
ninth retinal layer. The axons 
of these cells form the so- 
called optic nerve which 
should be regarded as the optic 
tract rather than a peripheral 
nerve. On the ventral surface 
of the brain the optic nerves of 
the right and left sides cross. In 
J—pationt’s eye; 5- observer's eve; 2- lens of definite focal man and ‘Apes possessing bin- 
distance”; 4. and 6: - coneave mirror; 7- sourec of light with ocular vision approximately 

lous, half the nerve fibres of the 
optic tract decussate (Fig. 303). 

After decussation each optic tract contains nerve fibres which extend 
from the internal (nasal) half of the retina of the opposite eye and from 
the external (temporal) half of the retina of the cye on the same side. A 
lesion of the optic tract past 
the decussation causes a pecu- 
liar form of blindness, called 
half-blindness or hemianopsia, 
since blindness develops in 
one half of the visual field 
of each cye. As a result of 
such unilateral lesion of the 
optic tract it is the right or 
left sides of the visual field of 
both eyes which are affected: 
this is the so-called homony- 
mous form of hemianopsia. The 
other—heteronymous—form 
of hemianopsia is character- 
ized by the fact that either the 
medial fields of vision are af- 
fected (binasal hemianopsia) 
or the lateral (bitemporal he- 

i : mianopsia), which is observed, 

Fig. 301. Ophthalmoscopic view »f fundus oculi. for example, in lesions of the 
a—aptic dise. optic pathways in the region 

of the decussation (Fig. 303). 

The fibres of the optic tract run uninterruptedly to the thalamic region, 
where they form synaptic connections with the neurons of the thalamus 
in the corpus geniculatum laterale. Some fibres of the optic tract, appar- 
ently, terminate in the superior colliculi of the corpora quadrigemina. 
The participation of the latter in visual motor reflexes, for example in 





Fig. 300. Dingram of ophthalmoscope. 
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the movements of the head and eyes in response to optic stimulations, 
is indispensable. The lateral geniculate bodies form a relay station 
the cerebral cortex. From here 


which transmits nerve impulses to 
optic neurons of the 
third order extend direct- 
ly to the area striata of 
the occipital lobe of the 
brain. 

The central division of 
the visual analyser in man 
and apes is situated in 
the posterior part of the 
occipital lobe—area striata 
(area XVII, according to 
Brodmann, see Figs. 278 





Fig. 302. Mariotto’s experiment to demonstrate blind 


spot of the oye. 
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fal 


Is blind spot. 


and 280). It is predominantly the region of the central fovea which is pro- 
jected here (central vision). Peripheral vision is represented in a more 


anterior part of the optic lobe. 


Experiments with extirpation of the occipital lobe of the brain in various 


animals show that in lower verte- 
brates (fish and amphibians) the visual 
analyser is not represented in the fore- 
brain. Destruction of the occipital 
lobes in rats impairs the ability to dis- 
criminate shapes, but does not affect 
the ability to differentiate between 
intensities of light. This ability is also 
retained in dogs and monkcys after 
extirpation of the occipital lobes. In 
man the removal of the optic areas 
leads to a complete loss of vision 
(though the reflex constriction of the 
pupil under the action of bright light 
persists). 


Light-Refracting Apparatus of Eye 


Refractive media of eye. In addition 
to the photosensitive apparatus repre- 
sented by the retina the peripheral 
division of the visual analyser contains 
a complex system of transparent re- 
fractive media which makes it possible 
to obtain on the retina distinct images 
of visible objects. The presence of such 
images on the retina can be demon- 
strated as follows: take an eye of an 
animal just killed and carefully re- 
move the sclera and the choroid 
from the posterior wall of the eye- 
ball; place a source of light, for exam- 
ple a lighted candle, before this eye 
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Fig. 303. Diagram of central visual path- 
ways running to loft hemisphere. 
Loft. part of gur shows visual pathwaya; sites of 
their transection aro indicated by lettars, Shulod 
areas in right part of figure indicate under nnne 
lettors visual fields disappearing after transection. 
A. completo blindness of left eye; B- -bitemporul 
homianopasia; C--left nasal hemianopaia; J>- right 
homonymous homianopaia; Æ and F—-right upper 
and lower quadrant. hemianopasia; (7- -right homo- 
nymous hemianopsia with rotained central vision 
(uftor Homans). 


in a darkened room, and you will clearly see an inverted and diminutive 
image of this candle of the retina. 

Rays of light entering the eye pass through a number of refractive sur- 
faces represented by the anterior and posterior surfaces of the cornea, 
crystalline lens and vitreous body. The path of rays in this optic system 
is determined by the refractive indices of different media, the radii of 
the refractive surfaces and some other optic parameters. 

The higher the refractive power of the optic system, the shorter the 
focal distance, i.e., the distance from the optic centre of the system to the 
point where the refracted rays converge. In ophthalmological practice the 
refractive power is usually expressed in diopters. One diopter (D) cor- 
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Fig. 304. Modification of Purkinje images during accornmodation of eye. 
A..-before accommodation; B— during accommodation for closc objects. 


responds to the refractive power of a lens with a focal distance in air 
equalling 1 m. If the focal distance of the lens is, say, 0.5 or 2 m., its re- 
fractive power is 2 D and 0.5 D respectively. 

The refractive power of the optic media of the eye, expressed in terms 
of diopters, is 43.05 for the cornea, 19.11 for the crystalline lens at rest 
and 33.06 in a state of maximum convexity. The refractive power of the 
entire system of the eye is 58.64, and during maximum accommodation 
(see below) 70.57. 

The usual method of determining the radii of the curvature of refrac- 
tive surfaces in the eye consists in measuring the size of the images re- 
flected on these surfaces, with the size of the reflected object and its dis- 
tance from the given surface known. We know from physics that the 
size of an object is to the size of the reflected image as the distance 
of the object from the mirror is to the half radius of the latter. This ratio 
makes it possible to find the value of the radius in question. A special 
instrument devised by Helmholtz and called ophthalmometer is used 
to determine the sizes of images reflected on the refractive surfaces of 
the eye. 

Accommodation of eye. Clear vision requires that the rays of light from 
an object produce a distinct image on the retina. Parallel rays of light, 
i.e., rays coming to the eye from a distant object, are focused on the retina. 
It may be practically considered that rays of light coming from an object 
situated at a distance of more than 10 m. from the eye are focused on the 
retina of the normal eye. 


But we can also clearly see near objects, from which pencils of divergent 
rays fall upon the eye. This is achieved through an increase in the refrac- 
tive power of the optic system of the eye. The mechanism by which the 
eye adapts itself to seeing objects distinctly at different distances is called 
the accommodation of the eye. 

In man and in all mammals the eye accommodates itself through 
changes in the refractive ability of the crystalline lens due to modifications 
of its curvature. Modification of the curvature of the crystalline lens 
during accommodation is demonstrated by a simple experiment. If a lighted 
candle is placed before the cye to one side of its axis in a dark room 
and the eye is observed from the other side at the same angle. three mirror 
images of the flame will be seen in the eye (Purkinje images, Fig. 304). 
The brightest of these images (a) is reflected [rom the anterior surface of 
the cornea and is direct. The 
second image (b), which is also 
direct, but dimmer than the 
first, is reflected from the 
anterior surface of the lens. 
The third, inverted image (c), 
is reflected from the posterior 
surface of the lens. If the eye 
is accommodated for near bo 
vision, the second and third “ig. 805. Modification of Jens during accommodation 
images become smaller. The feye to distant. vision (left part of figure) and to 
second image (b) reflected near vision (right pari) (after Luciani). 
from the anterior surface of 
the lens is particularly diminished. It is well known that the image reflected 
by a convex mirror is the smaller, the smaller the radius of the curvature of 
the mirror, other things being equal. Consequently, as the eye accommodates 
itself for near vision the anterior surface of the lens and, to a lesser degree, 
its posterior surface become more convex. 

A clear idea of the mechanism of accommodation can be obtained from 
Fig. 305 which shows schematically the state of the lens and of the 
ciliary muscle during the accommodation of the eye for distant and near 
vision. 

The curvature of the lens during accommodation is modified by a con- 
traction of the ciliary muscle. The contraction pulls the ciliary body for- 
ward and thus relaxes the zonules of Zinn which stretch the capsule of the 
crystalline lens. As a result of the relaxation of the capsule, the elastic lens 
becomes more convex with the increase mainly in its anterior curvature. 
The size of the antcrior chamber of the cye diminishes. 

During full accommodation the radius of the curvature of the lens de- 
creases approximately by 10 io 5.5mm. on the anterior surface and by 
6 to 5.5 mm. on the posterior surfacc. 

The ciliary muscle consisting of smooth muscular fibres is innervated 
by parasympathetic fibres of the third pair of cranial nerves (oculomotor). 
Exclusion of the action of the parasympathetic fibres of the oculomotor 
nerve by introduction of atropine renders accommodation and clear dis- 
cernment of near-by details (for example, letters) impossible. 

Accommodation is always accompanied by a change in the size of the 
pupil: in looking at a near object the pupil becomes constricted; in look- 
ing at a distant object it dilates. During accommodation changes are ob- 
served in the direction of the optical axes of the eye; the axes converge. 
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In normal eyes, convergence and accommodation are directly correlated, 
and are the more pronounced, the closer the observed object is to the eye. 

The limits of accommodation are determined by the near and far points 
of clear vision. The near point signifies the shortest distance at which the 
fully accommodated eye can clearly see objects. The far point corresponds 
to the greatest distance at which distinct images can still be obtained on 
the retina of the eye with the accommodative muscles in a state of rest. 
The distance between the near and far points of clear vision characterizes 
the range or amplitude of accommodation. Within this range accommoda- 
tion, i.e., the refractive power of the lens, may greatly vary. The amplitude 
of accommodation can be expressed in diopters; this means that it is pos- 
sible to determine by how many diopters the refractive power of the eye 
increases in clear vision of a near point compared with the refractive 
power in looking at a far point. 

Accommodation clearly manifests itself in the fact that the human eye 
cannot simultaneously and with equal clarity see two objects situated 
at different distances from it. It is only the observed or fixed object which 
is seen clearly; all other objects situated closer or farther produce diffused 
images on the retina and are therefore indistinct. This can be demon- 
strated by a very simple experiment. If we look through a thin, trans- 
parent material (gauze or muslin) at a printed page 25 to 30cm. from the 
eye, we shall clearly see the letters, while the threads of the material 
will disappear from the field of vision; there is a peculiar haze through 
which the letters can be clearly discerned. But if we fix the eye on the 
threads of the material, the letters will become blurred. 

Measuring the accommodative power of the eye and expressing it in 
numerical values makes it possible {o determine changes in accommodation 
due to age, and tell the extent of its derangement in pathological cases. 

A diminution of the elasticity of the crystalline lens with age leads to 
the development of old-age hyperopia or presbyopia. Age changes in the 
accommodation of the human eye are shown in Table 30. 


Table 30 
Changes in Range of Accommodation With Age 














Rango of | l Range of 
Ago in yoars accommodation Ago in years accommodation 

in diopters aie in hate rs 

10 i 14 | soo o] 3.5 

15 | 12 | 50 | 2.5 

20 10 i 55 l 1.75 

25 | 8.5 ! 60 1 

30 7 65 0.7% 

35 5.5 70 0.25 

40 4.5 75 0 








Refraction of eye and its abnormalities. The refraction of the eye implies 
its optic properties without any accommodative changes. 

If the accommodative muscles of the eye are in a state of rest, i.e., if they 
are not strained, the focus of its optic system for rays coming from a 
distant source of light (more than 10 m. away) coincides with the outer 
layer of the retina. This is the so-called emmetropic, or normal eye (Fig. 
306). If parallel rays falling upon the eye are not focused after their 
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refraction on the retina, but in front of it, the eye is shortsighted or myo ic 
(Fig. 306). Myopia may be due to excessive rerractivily oi the eye o 
an abnormally long eyeball. In this case all distant objects appear dim and 
blurred. Glasses with dispersing lenses are used to lengthen the focal 
distance of rays refracted in the eye. 

Shortsighted individuals see near-by objects (for example, letters in 
reading) distinctly, without accommodation. The accommodative muscles 
in shortsighted people, therefore, become atrophied. 

When the refractive power of the eye is reduced, or the eyeball is shorter 
than normal, parallel rays are focused after refraction behind the retina. 
This eye is longsighted or hypermetropic (Fig. 306). The farsighted person 
strains his accommodative muscles even to see distant objects owing to which 
the muscles become hyper- 
trophied. Hypermetropia is 
corrected by glasses with con- 
verging lenses which bring 
the rays falling upon the eye 
to a focus on the retina. 

Another abnormality in the 
refraction of the eye is astig- 
matism. It is due to different 
curvature of the cornea and 
the crystalline lens along dif- 
ferent meridians of the eye. 
Owing to this, rays falling 
along one meridian are rce- 
fracted to a greater degree and Fig. 306. Path of rays in normal (B), farsighted (4) 


cross earlier than other rays and shortsighted (C) eye; n -focal point of parallel 
refracted along other merid- rays fullingoncyo froin distant objects ;a - optic axis; 


ians. In this case no distinct e—cireles of light diffraction. 
imagcis obtainedon theretina. 

Measurements of the radii of the cornea show that most people have 
astigmatism, especially along the horizontal and vertical meridians. This 
physiological astigmatism does not produce any appreciable disturbances 
of vision as long as it is not pronounced. But beyond certain limits, it be- 
comes pathological and must be corrected by special glasses. 

Reaction of pupils. The opening of the pupil has a form of a regular 
circle with smooth rims. At rest the pupil of the adult has a diameter of 
1.5 to 2 mm. in daylight and about 7 mm. in the dark. Changes in pupillary 
size play the same role as changes in the opening of a camera diaphragm. 
As before stated, contraction of the ciliary muscle during accommodation is 
accompanied by a contraction of the sphincter of the iris. When the pupil 
is constricted, the peripheral rays of the cone of light coming into the eye 
from the viewed object do not strike the retina owing to which spherical 
and chromatic aberration diminishes. The pupil limits the optic surface of 
the cornea and diminishes the astigmatism produced by the irregularities 
in the cornea’s curvature. But the most important physiological function of 
the pupil is to control the amount of light entering the eye. 

The size of the pupil is regulated by the circular and radial muscles. 
The radial muscle dilating the pupil (m. dilatator pupillae) is innervated by 
sympathetic nerve fibres extending from the superior cervical ganglion. 
The circular muscle constricting the pupil (m. sphincter pupillae) receives 
fibres from the parasympathetic fibres of the oculomotor nerve. These 
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fibres, like the fibres innervating the accommodative muscle, originate in 
the Yakubovich-Edinger-Westphal nucleus, which is situated in the tectum 
of the midbrain. They enter the eye socket in the trunk of the oculomotor 
nerve and terminate in gangl. ciliare. From here the postganglionic fibres 
penctrate deep into the eyeball and reach m. sphincter pupillae and m. 
ciliaris. 

The size of the pupil changes under the action of light: a decrease in illu- 
mination causes the pupil to dilate, while an increase results in its con- 
striction. This reaction is conjugate, i.e., the pupillary size changes not only 
in the eye which is under the action of light, but in the other eye as well. 
The degree to which the pupillary size changes depends on the intensity of 
light and on the stimulated area of the sensitive surface of the retina; the 
larger this area, the more the pupil constricts. Other things being equal, the 
greatest effect is observed when the light falls upon the yellow spot. 

The reaction of the pupils to light persists even after the exclusion of 
the cortical division of the visual analyser, since impulses from the optic 
tract are switched over to the parasympathetic neuroris of the oculomotor 
nerve in the region of the corpora quadrigemina and the midbrain. 

But in the intact organism of higher vertebrates impulses from the cere- 
bral cortex can cause or modify a pupillary reaction like any other function 
of the organism. This is testified to by :eflex changes in the pupils under the 
action of conditioned stimuli combined with the action of agents which 
evoke an unconditioned pupillary reflex. 

Paralysis of the centres of the oculomotor nerve in asphyxia dilates the 
pupils to the maximum. This symptom is, incidentally, a very serious warn- 
ing of impending suffocation in anaesthesia. 

Reflex changes in the size of the pupils can also be caused by pain stimu- 
lations and by strong excitations of the central nervous system. In these 
cases the resulting dilation of the pupils is due to the excitation of the 
sympathetic nerve which produces the contraction of the radial muscle— 
m. dilatator pupillae. In addition. adrenalin and, probably, pituitrin, which 
act upon the muscular apparatus of the pupil sympathicotropically, enter 
the blood. 

The pharmacological agents which cause the pupil to constrict include: 
physostigmine, pilocarpine, muscarine, and choline, i.e., substances which 
produce the same effect as the excitation of the parasympathetic fibres. 
Atropine and adrenalin, as before stated, produce the opposite effect: they 
dilate the pupil—the former excludes the action of parasympathetic inner- 
vation, the latter stimulates the muscle which dilates the pupil. 

Changes in the shape, size and reactivity of the pupil observed in patho- 
logical cases are important diagnostic symptoms of certain nervous diseases. 


Changes in Visual Analyser Under Action of Light 


Photochemical and photomechanical changes in retina. A number of 
physicochemical and structural changes develop in the retina of the eye 
under the action of light. The photosensitive substance situated in the 
external limbs of the retinal rods and called visual purple, or rhodopsin, 
changes under the action of light. The retina of the eye of the frog or the 
rabbit, kept in the dark for several hours, is red in its fresh state but almost 
totally fades when exposed to light for 15 minutes. The visual purple re- 
appears in the dark and its amount reaches the highest level in two hours. 
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Regeneration of visual purple is closely connected with the existence of a 
pigmental epithelium which covers the external surface of the retina, and 
this is where the material for the synthesis of visual purple is, apparently, 
obtained. 

The visual purple fades only in the parts of the retina upon which the 
rays of light fall. This can be easily demonstrated by the following ex- 
periment. The eye of the rabbit kept for some time in the dark is placed 
opposite an illuminated window. Soon after that the eyeball protected from 
the action of light is removed from the orbit and subjected to the action 
of alum. The retina of such an eye shows a so-called optogram—in the given 
case the image of the window in the form of a white rectangle with a purple 
window-sash. The rate at which visual purple is bleached depends on the 
wavelengths of the light. Most intense bleaching is caused by the rays which 
appear to be the brightest in twilight vision (greenish-blue rays). The chemi- 
cal nature of visual purple remains unknown, but its essential role in the 
photochemical reactions of the retina is no longer doubted. 

On the basis of a number of investigations the picture of chemical 
transformations in visual purple or rhodopsin can be presented as follows: 


Rhodopsin 
” RO 


dark dark \ light 


‘ 


Vitamin A + Protein — Retinene +- Protein 


Under the action of light rhodopsin dissociates into two molecules: a 
molecule of retinene (yellow visual substance) and a colourless molecule 
of protein. It is from these molecules that visual purple is reconstituted 
in the dark. But if the visual purple has been fully bleached by protracted 
action of light, it can be synthesized only with the aid of vitamin A. In 
solutions of pure visual purple, or the yellow visual substance, it is im- 
possible to find vitamin A cither by means of photochemical reactions, or 
spectroscopically. But vitamin A is present in the retina of a dark-adapted 
eye and is almost absent in the retina of a light-adapted eye. It is 
possible that vitamin A is supplied to the retina from the food. Vitamin A 
deficiency leads to a visual disorder called nyctalopia, or night blindness. 
which is characterized by a sharp decline in vision at twilight and at nighl. 

Special experiments on white rats demonstrated the influence of vita- 
min A on regeneration of the visual purple. Vitamin A deficiency in rats 
greatly retards regeneration of the visual purple compared with normal. 


In addition to the photochemical changes under the action of light the form and 
position of certain elements of the retina, i.e.. the cones, rods and pigment, also 
change. These so-called retinomotor phenomena are particularly pronounced in 
certain fish and amphibians, and to a much lesser extent in birds and mammuals. 
The presence of these phenomena in the human retina has not yet been demon- 
strated. In fish the cones greatly thicken and shorten under the action of light, 
while the rods stretch in the direction of the pigmental cpithelium. At the same 
time the pigment is displaced inward. In the dark reverse phenomena are observed: 
the cones and rods change position rather quickly, i.c, in a few minutes; the pig- 
mental particles, however, are displaced slowly. The shape of the cones and rods 
may change and the pigment be displaced in one eye while the retina of the other 
eye is subjected to the action of light. The physiological significance of retinomotor 
phenomena is still unknown. It may be that they creale better conditions for the 
functioning of the retinal receptor elements, in particular, for their protection from 
the action of excessively strong light. 
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Bio-electric processes in visual analyser. Changes in differences of the 
electric potentials which arise in the excitable structures when stimulated 
by light can be observed in all divisions of the visual analyser—the re- 
ceptor division (the retina), the conductive division (the optic tract), and 
the central division (including the cerebral cortex). As before stated, bio- 
electric changes after their preliminary amplification are recorded by 
means of an oscillograph. 

If one electrode is applied to the cornea of the eye and the other (in- 
different electrode) to the mucous membrane of the mouth or the clean- 
shaven skin of the temple, it is possible to obtain an electroretinogram, i.e., 
to record the changes in the electric potentials which arise in the retina 


under the action of light. 


An electroretinogram (Fig. 307) shows a peculiar curve: its initial phase 
is characterized by a negative wave (a) rapidly followed by a positive 
wave (b); then comes a slow secondary rise of the curve—the positive 
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Fig. 307. Anulysia of electrorotinogram of the cat's 
eye, 

Solid lino shown clectroretinogram; broken line, its eompo- 

nents —J, JI and TIF. Upper eleetrorotinogram was obtained 


phase (wave c). The cessa- 
tion of the light stimulation 
is accompanied by a rise in 
the curve (wave d)—the so- 
called “off-effect.” 

The electroretinogram is 
simpler when the intensity 
of stimulation is lower and 
the stimulated area of the 
retina is respectively small- 
er. The latent period, i.e., 
the period from the begin- 
ning of the stimulation to 
waves a or b, is in this case 
longer. 

It is possible that the elec- 
troretinogram is made up of 


under greator intensity of stimulation than lower one. Bot- 
tom—duration of stimulus in seconds; along vertical—valucsa 
of olvetric potontials in millivolts (after Granit). 


three curves which consti- 
tute its components; they are 
indicated in Fig. 307 by 
dotted lines. Component I conditions the emergence of the slow positive 
wave c; in etheric anaesthesia it disappears sooner than other components. 
Component IT in its initial part forms wave b; in deeper etheric anaesthesia 
it is the second to disappear (after the first component). Negative com- 
ponent III is supposed to be associated with the process of inhibition which 
may arise in the retina under the action of light; it is the most stable com- 
ponent in etheric anaesthesia. 

The intricate form of the electroretinogram is probably due to the exist- 
ence of different types of receptor apparatuses in the retina. There are indi- 
cations that waves a and b reflect the activity of the cone and rod appa- 
ratus. The slow wave c is probably associated with the process of adapta- 
tion (see below) which develops under protracted action of the stimulus; 
however, sufficient experimental proof is still lacking. 

The dependence of the length of wave b on the accumulation of visual 
purple in the retina convincingly shows that the elements of the electro- 
retinogram are connected with physiological and photochemical processes 
in the retina. At the same time the very emergence of wave b and its 
further rise with the accumulation of visual purple occur only when the 
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concentration of visual purple reaches approximately half its maximum 
value in the course of dark-adaptation. 

In the optic nerve it is possible to record action potentials which accom- 
pany the passage of afferent impulses. For this purpose the electrodes 
are applied to two points 
of the nerve. In a sepa- 
rately taken fibre of the 
optic nerve the potentials 7 
of afferent impulses appear 
as transient oscillations 
whose frequency increases 
with the intensification 
of the light stimulation ZZ 
(Fig. 308). At the same 
time the latent period 
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illumination and the emer- jg 
gence of the first impulse 
diminishes. In response 
to protracted illumination 
of the eye the initial fre- 
quency of impulses gradu- 
ally decreases, showing Fig. 308. Electric potontials of afferent impulsca in 
after cessation of stimula- »ing!le fibre of optic nerve of guinea-pig under different 
tion a new. but this time intensities of atimulation, 

1 "Intensity of stimulation by light in indientod in relative unite by 
short, outburst of frequent figures on loft sido of record (threshold intonsity ia takon as 
impulses which corre- unit). Duration of stimulus is marked in vach case by linc above 


sponds to the “off-effect” and time interval below (after Granit). 
in the electroretinogram. 

A comparison of electrograms of the retina and of the optic nerve war- 
rants the conclusion that the frequency of impulses in the optic nerve is 
directly proportional to the degree of intensity of component II in the electro- 
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Fig. 309. Simultaneous recording of electroretinogram and electro- 
encephalogram in man (after Spielberg). 


retinogram and inversely proportional to the value of inhibitory compo- 
nent III. 

The action of a light stimulus on the eye is accompanied by bio-electric 
changes in the visual area of the cerebral cortex. Changes in an electro- 
encephalogram, recorded with electrodes attached to the skin of the occip- 
ital region of the skull, are expressed in the disappearance of the funda- 
mental rhythm—the alpha waves. A simultaneous recording of an electro- 
encephalogram and an electroretinogram is shown in Fig. 309. 
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If the electrodes are attached not to the scalp, but directly to the visual 
area (i.e., to area striata) of the exposed cerebral cortex, the light stimu- 
lation of the cye leads to an outburst of impulses in the form of electric 
oscillations. When the eye is stimulated by an intermittent, flickering light 
(Fig. 310, A), intense electric oscillations in the visual area of the cortex are 
observed during the entire period of the stimulation. The frequency of 
oscillations coincides with the frequency of the flashes, when the latter is 


mhh a a 
A B 
Fig. 310. Bio-electric response of visual ares of rabbits cerebral cortex to stimulation of 
eyo by intermittent (4) and continuous (RB) light. 


Upper curves - electrogram; lower curves -marks of stimulation; frequency of ficken in A-A per 
second (after G. Smirnov), 


low (for example, 4 per second). But when the eye is subjected to a con- 
tinuous stimulation by light (Fig, 310, B), intense electric oscillations are 
observed in the visual area of the cortex only in the very beginning of the 
stimulation (the “on-effect”) and immediately after cessation of the stim- 
ulation (the “off-effect”’). 


Light Sensitivity of Visual Analyser 


Absolute thresholds of visual sensations. To produce a visual sensation 
the light rays entering the eye must have sufficient energy and act upon 
the retina sufficiently long to evoke excitation in the photoreceptors. The 
minimal amount of light energy re- 
quired 1o produce a light sensation 
determines the absolute sensitivity 
of the eye. The smaller this amount. 
the lower the absolute threshold, 
i.e., the higher the sensitivity of the 
eye. The threshold value of radian. 
energy for the eye is extremely low. 
In sensitivity the eye surpasses any 
physicalinstrument. As before stated, 

a YW 2 H 40 the limit of visual sensitivity in man 

Time in minutes varies, according to S. Vavilov, from 

Fig. 311. Curve of dark adaptation of htman two quanta to several dozen quanta. 

eye, To give a concrete idea of the sensi- 

tivity of the visual receptor it should 

be pointed out that the threshold of optic stimulation is reached by the 

energy of a visible light falling upon 1 sq. cm. per second from a candle 

200 km. away from the eye (assuming, of course, that the atmosphere is 
absolutely transparent and does not absorb light). 

Certain conditions must be observed when determining the maximum 
sensitivity of the eye. To begin with, it depends upon the part of the ret- 
ina on which the rays of light fall. The spot most sensitive to daylight 
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and colour vision is in the region of the retina where the cone apparatus 
of the eye is predominantly concentrated, i.e., in the region of the fovea 
centralis; the farther from the fovea centralis and the closer to the periph- 
ery of the retina, the lower the sensitivity. As to the so-called twilight, or 
achromatic (colourless) vision effected by means of the rods, the site of maxi- 
mum sensitivity is situated to the periphery of the fovea centralis (approx- 
imately between 10° and 20° along the horizontal meridian of the retina). 

The eye is quite sensitive to changes in the brightness of light. Studies 
in this field have shown the highest differential sensitivity to be under con- 
ditions of moderate brightness. 

The differential sensitivity of the eye increases with the increase in its 
sensitivity during dark-adaptation and with the enlargement of its visual 
field. At the periphery of the retina differential sensitivity is lower than 
in the central part. In binocular vision the brightness differential threshold 
is lower than in monocular vision. 

Adaptation. The sensitivity of the eye may vary very widely depending 
on the intensity of illumination. We know from everyday experience that 
when we pass from a lighted room into a dark one we sce nothing at 
first, but then gradually adapt ourselves to the darkness. This adaptation 
of the eye consisting in an increase of its sensitivity is called dark adap- 
tation. The reverse phenomenon—light adaptation—occurs when the eyc 
is exposed to light after a long period of darkness. At first even relatively 
faint light seems exceedingly bright and blinding; it takes some time for 
the ability to see objects distinctly to be restored. 

The nature of changes in the intensity of the stimulus threshold during 
dark-adaptation is shown in Fig. 311. During the first 20 or 30 minutes 
of darkness the stimulus threshold rapidly declines; then this decline slows 
down; after a period of 60 to 80 minutes the threshold can be practically 
regarded as established on a firm level. Strictly speaking, however, the 
adaptation continues during the entire period of darkness, though it pro- 
ceeds very slowly. 

Not only the rod apparatus of the retina, but also the cone apparatus 
shows adaptation; the dark adaptation of the fovea centralis is faster than 
that of the peripheral part of the retina, and takes about 8 or 10 minutes. 

According to the photochemical theory of adaption thoroughly elab- 
orated by P. Lazarev, sensitivity of the eye, when it is exposed to light. 
changes parallel with decomposition of the visual purple. During dark 
adaptation a reverse process takes place, i.e., regeneration of the visual 
purple which develops as a monomolecular reaction. 

Biochemical and electrophysiological studies show that the process of 
dark adaptation is effected in the retina. It is not clear as yet, however, 
whether regeneration of the visual purple underlies the process of adap- 
tation, or merely accompanies it. 

The local physiological and photochemical processes in the retina 
during adaptation by no means exclude the participation of the central 
nervous system from the phenomena of adaptation. It has been established 
that in addition to an increase in the sensitivity of the retina during dark 
adaptation the sensitivity in the visual cortical centres decreases (i.e., the 
thresholds rise). 


A thorough study of dark adaptation has shown that it varies with a number of 
conditions which develop in the eye itself (for example, various diseases of the cyc). 
and with the influences exerted on the other eye. In experiments performed by 
S. Krakov stimulation of one eye by white light increased the sensitivity of the 
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other cye; but when one eye was stimulated by red light, the sensitivity of the 
other eye declined. Yellow light produced a less depressive effect. A modification 
of the adaptive ability—its declinc—was also observed in fasting, in oxygen defi- 
ciency, in connection with age, after preceding transient stimulation, etc. 

Light adaptation—decrease in the sensitivity of the cye under the action of light 
stimulation—is, apparently, connected with the expenditure of the retinal photo- 
sensitive substance. During light adaptation sensitivity declines rapidly in the first 
seconds; then It slows down and, finally, reaches a stable level. Light adaptation 
directly depends on the intensity of light stimulation and its duration. Fig. 308 
shows diminution in the frequency of nervous impulses caused in the fibre of the 
optic nerve by a transient light stimulus of constant intensity during adaptation. 


After-images. Excitation arising in the visual analyser under light 
stimulation does not disappear with the latter, but persists for some time. 
This is testified to by the so-called after-images which emerge after the 
stimulus has ceased to act. If we fix our eyes upon a luminous object, 
for example, upon a lighted electric bulb of sufficient brightness and then 
close the eyes, we can distinctly see an image corresponding to the initial 
stimulus. There are two kinds of after-images: positive, i.e., fully coincid- 
ing with the real stimulus, and negative, i.e., representing reverse rela- 
tions: white becomes dark and vice versa. 

After-images are not static; they consist of separate phases rapidly 
succeeding one another: light phases are succeeded by dark phases, then 
the light phases appear again, and so on, until the after-image is com- 
pletely extinguished. The duration of after-images depends on the dura- 
tion of the stimulation and on the stimulated area of the retina. After- 
images of faintly illuminated objects are extinguished within one or two 
seconds, while after strong light stimulations they may persist for several 
minutes. In some individuals, especially in children, the ability to retain 
positive after-images is so strong that they can very accurately reproduce 
visual impressions for a long period after cessation of the stimulation. 

The physiological mechanisms of after-images are undoubtedly con- 
nected with the aftereffects which persist in the sensitive elements of 
the retina and which are manifested, in particular, in the “off-effect.” 
A particularly important role in these phenomena is apparently played by 
the protracted cortical processes with their complex induction relations. 

Even very short flashes of light leave an aftereffect in the visual ana- 
lyser. If the frequency of the flashes is gradually increased, there comes 
a moment when they fuse, producing the sensation of a continuous, 
“untwinkling” light. The minimum number of interruptions in light per 
second at which the flickers become fused is called fusion frequency. 

The existence of the aforesaid phenomenon can be demonstrated by 
a very simple experiment. If a disc divided into white and black sections is 
rotated fast enough the black and white colours disappear and the sur- 
face of the disc becomes uniformly gray. The brightness of the continuous 
light sensation which arises in this case represents the mean of the sum 
of luminous effects of all white and all black surfaces (Talbot’s law). 

Thus, at a high rate of interruptions the sensation becomes as constant 
as under continuous stimulation, only somewhat weakened. The eye does 
not perceive any interruptions in the stills of a film demonstrated on a 
screen at a rate of 24 stills per second, which somewhat exceeds the 
fusion frequency under conditions of corresponding illumination. 

The fusion frequency depends on the intensity of the light stimulus. 
It may vary with the adaptation of the eye; for example, in peripheral 
vision, under conditions of dark adaptation the fusion frequency increases. 
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Colour Vision 


Principal characteristics of colour. All colours may be divided into two 
groups: achromatic, i.e., “colourless,” and chromatic, i.e., having definite 
colour tones. 

All shades of gray, white and black may be included in the achromatic 
group. They differ only in the number of rays reflected, i.e., in brightness. 
The more rays of light are reflected from a body, the brighter it is. 
A body fully absorbing all the rays falling upon it would be absolutely 
black (the surface of black velvet is close to it). All the achromatic colours 
can be arranged, according to their brightness, into a gray scale—from 
pure white through various shades of gray up to and including black. 
Thus, brightness may be defined as greater or lesser proximity to the 
white colour. 

The eye perceives light waves of different length, or so-called chromatic 
colours. Usually eight basic colours are distinguished in the spectrum, 
namely, red, orange, yellow, yellow-green, green, light blue, indigo blue 
and violet. 

The limits of these colours, as expressed by the light wavelengths, are: 


Red. . . . . 760-602 mu Green . . . . 530-500 mu 
Orange. . . . 620-590 my Light blue. . . 500-470 mp 
Yellow. . . . 590-560 mz Indigo blue . . 470-430m4z 
Yellow-green . 560-530 myu Violet . . . . 430-390 m u 


By comparing the chromatic colours we can easily see that some of 
them are bright and others are dark. In a spectrum with evenly dis- 
tributed energy the yellow-green colours are the brightest, while the red, 
violet and indigo blue colours are the darkest. But these colours, unlike 
the achromatic, are distinguished not only by their brightness, but, bove 
all, by their colouration or colour tones. 

Chromatic colours are also characterized by saturation. For example, 
adding white or black to some chromatic colour (red, green, etc.) produces 
brighter or darker colours of the same tone. The less the colour tone now 
differs from the gray colour of equal brightness, the lower is its saturation. 
Thus, it is the degree of difference between a chromatic and an achro- 
matic colour of equal brightness that determines saturation. Various spec- 
tral colours differ in saturation: for example, the yellow colours are less 
saturated than the blue colours. 

Changes in colour sensations are usually due to alterations in some of 
the principal characteristics of the colour. For example, when the colour 
tone changes, its saturation and brightness also change. 


Colour Sensitivity of Visual Analyser 


The sensitivity of our eye to different spectral colours varies. The yellow 
spot whose central part contains only a cone apparatus is the most sen- 
sitive; the farther from the yellow spot, the lower the colour sensitivity 
of the retina. The curve of spectral sensitivity for the average eye in pure 
cone vision, i.e. when the visual field is greatly limited (at an angle of 
about 1.5°, according to N. and V. Fyodorovs), shows that the cones are 
most sensitive to the yellow colour (565 my wavelength). Sensitivity di- 
minishes in both directions from this maximum, i.e., towards the red and 
violet ends of the spectrum. 


The curve of spectral sensitivity is also called the visibility curve of 
spectral radiation. The visibility curve varies with the intensity of illumina- 
tion. At a low intensity of illumination (for example, in twilight), when 
the colour tones are no longer perceived, the maximum sensitivity shifts 
towards the short waves and is then in the region of the bluish-green rays 
with a wavelength of 500 my. This shift of the region of maximum visibil- 
ity towards the blue part of the spectrum during the transition from day 
vision to twilight vision is known as the Purkinje phenomenon.* 

As the illumination diminishes, the red colours are the first to become 
indistinguishable and the blue colours the last. At very high intensities 
of illumination the colours lose their saturation and turn whitish or 
yellowish, the violet colour changing most and the red colour least. 

The differential sensitivity of the visual analyser to colours varies in 
different regions of the spectrum. The highest sensitivity is observed in the 
yellow and light-blue parts of the spectrum; here a difference in the wave- 
length of 1 mp is already perceived by the eye. The farther from this 
optimal regions of differential sensitivity and the closer to the ends of the 
spectrum, the lower the sensitivity and, finally, the ability to discriminate 
between colour tones entirely disappears (for example, in the violet part 
of the spectrum for waves of less than 430 mp). There are 128 hues gener- 
ally perceived in the spectrum. 

As before stated, the central part of the retina (the yellow spot) which 
contains only a cone apparatus is the most sensitive to colour. At the same 
time the peripheral part of the retina which consists mainly of rods is 
most sensitive to weak light (achromatic) stimuli. It is also known that the 
retina of the eye of diurnal animals (hens, pigeons, and others) contains 
only cones, while the retina of nocturnal animals (owls, bats, etc.) con- 
tains mainly rods. 

It follows that the cones serve for daylight and colour vision, while the 
rods, specially adapted to low intensities of illumination, serve for twilight, 
i.e., colourless, vision. The cones characterize central vision, and the rods 
peripheral vision. This so-called duplicity theory of the visual apparatus 
was recently substantiated by a number of new experiments. For example, 
L. Orbeli’s laboratories have observed definite functional interrelations 
between both receptor apparatuses of the retina. It appears that a pre- 
liminary light stimulation of the region of the yellow spot in the retina 
retards the increase in sensitivity of the rod apparatus during subsequent 
dark adaptation. This depressive influence of the centre of the retina on 
its periphery is later succeeded by an accelerated increase in sensitivity 
of the peripheral part of the retina. 

Colour fusion. For any spectral colour there is another colour, which 
mixed in suitable proportions with the former will produce white. These 
pairs of colours are called complementary. 

The following spectral colours are complementary: red and bluish-green; 
orange-yellow and light blue; greenish-yellow and indigo blue; yellow- 
green and violet. In the spectrum the complementary colours are situated 
quite far apart. Mixture of colours closer to each other yields inter- 
mediary hues lying between the mixed colours. 

In this fusion of spectral rays, which is called optic fusion, the rays are, 
as it were, added to each other. 


* Purkinje, a Czech scientist, first discovered this phenomenon in 1823. 
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Optic fusion of colours should be distinguished from a mixture of coloured sub- 
stances, for example, a mixture of dyes, a fusion of colours resulting from super- 
position of coloured filters upon one another, etc. In these cases one colour can more or 
Iess extinguish another colour; 
there is a subtraction of col- 
ours. The difference between 
an optic fusion of colours and 
fusion of dyes is clearly seen 
from the following fact: fusion 
of yellow and blue rays pro- 
duces white; the mixture of 
yellow and bluc dyes, green. 


Max-well’s disc is usually 
ciaployed for the optic fu- 
sion of colours. This dise 
consisting of variously col- 
oured sections is mounted 
on the axis of a rotating 
device; when the latter is 
rotated at the rate of 30 to 
40 revolutions per second 
optic colour fusion is ob- 
served. By modifying the 
size of the coloured sections 
it is possible to change the 
quantitative correlations 
between the mixed colours. 

Contrast phenomena con- 
sist in an exaggeration of 
the actual difference be- 
tween simultaneous and 
successive sensations. Ac- 
cordingly, simultaneous 
and successive contrasts 
are distinguished. 

Simultaneous contrast 
manifests itself in both 
chromatic and achromatic H. Helmholtz 
vision. Luminosity contrast 
is expressed, for example, 
in the fact that a gray surface placed against a white background appears 
darker than it really is, while the same gray surface against a black back- 
ground looks lighter. 

In simultaneous colour contrast perception of the colour varies with the 
colour that surrounds it or borders on it. For example, gray against a red 
background appears somewhat greenish, while against a blue background it 
looks yellowish. It may be said that in colour contrast the colour viewed 
shifts, in some measure, towards the colour which is nearly complementary 
for the given background. 

Successive contrast results from the formation of negative after-images. 
If the eyes are fixed on a certain coloured figure for 15 or 20 seconds and 
are then turned on a white surface, the latter will show an image of the 
same form, but of a different colour. 
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The physiological mechanisms of contrast phenomena are, apparently, 
connected with induction relations between the focus of excitation and 
neighbouring regions in the cortical division of the visual analyser. 

Disorders of colour vision manifest themselves both in a lowered ability 
to perceive colour tones and in partial or total colour blindness. 

Total colour blindness is rare. Individuals suffering from this disorder 
of colour vision distinguish diverse colours of the external environment 
only by their brightness, i.e., by different shades of gray. 

Partial colour blindness occurs more frequently. It is much more fre- 
quently observed in men than in women (about 4 per cent of all men suffer 
from abnormalities of colour vision). Three categories of partial colour blind- 
ness are distinguished: protanopia, deuteranopia, and tritanopia. 

Protanopia, or daltonism, signifies blindness for red and green. Individ- 
uals with this defect are unable to distinguish between red and green 
shades; to them the entire spectrum appears divided by a colourless 
neutral portion (in the region of rays with a 490 my wavelength) into 
two parts, one having a yellow background and the other a light blue. 
Deuteranopia is also characterized by blindness for red and green, but 
particularly for green. For the deuteranope the point of maximum bright- 
ness is situated in the orange part of the spectrum (600 my wavelength), 
i.e., shifted, as compared with the normal, to the red end of the spectrum. 
Tritanopia, i.e., blindness for blue and violet, occurs very seldom and is 
characterized by a shortening of the blue-violet end of the visible spectrum. 

Individuals with disorders of colour vision are often unaware of this 
defect. Various colour plates, sets of skeins of coloured worsted or special 
instruments—anomaloscopes—are used to test colour vision; these tests 
are very important for preventing people with abnormalities in colour 
vision from being employed as locomotive engineers, chauffeurs, etc. 

Theories of colour vision. Of the numerous theories aimed at explaining 
colour vision, the so-called trichromatic theory seems to be the most sub- 
stantiated; the fundamental ideas of this theory were first expressed by 
M. Lomonosov 200 years ago. In his treatise Discourse on the Origin of 
Light Presenting a New Theory of Colours (1756) this brilliant scientist 
pointed out that “nature is all the more amazing, since... from a small 
number of causes it creates countless forms of properties, changes and 
phenomena.” Further he developed the idea that various colours resulted 
from the fusion of the three primary colours—red, yellow and light blue— 
and that in accordance with them the “bottom of the eye” contained three 
colour-sensitive “substances.” These basic propositions embody the essence 
of the trichromatic theory.* But in establishing the three primary colours, 
Lomonosov proceeded not from colour fusion, but from the results of the 
mixture of paints. 

Only in the beginning of the 19th century was a similar trichromatic 
theory of colour vision advanced by Young; in the middle of the same cen- 
tury it was thoroughly elaborated by Helmholtz. According to the original 
supposition of Young, which was close to that of Lomonosov, the primary 
colours were red, yellow and blue. Later, however, Young correctly defined 
the primary colours as red, green and blue. 

Thus, according to the Lomonosov-Young-Helmholtz theory, the retina 
of the eye contains three sets of colour-sensitive elements which cor- 


* Lomonosov’s aforesaid treatise was published in Russian and Latin. It was also 
fully presented in the German and English scientific publications of that time. 
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respond to the three primary colours—red, green and blue. Each set of 
these elements is stimulated predominantly by one of the primary colours, 
but also reacts, though to a lesser extent, to other chromatic rays. The 
sensitivity curves of the different sets of sensitive elements partially over- 
lap (Fig. 312). The action, say, of red, therefore, stimulates not only the 
red component, but also, though much less, the green component and very 
slightly the blue component. Isolated excitation of one set of the sensitive 
elements evokes the sensation of a saturated colour which corresponds to 
one of the primary colours. When the three colour-sensitive apparatuses 
are equally excited a sensa- 

tion of white results. , 

The trichromatic theory Red Green Violet 
satisfactorily explains the diak 
phenomena of colour blind- 
ness by the loss of one of 
the components of colour 
vision: the red component in = 
protanopia; the green, in w Y > 
deuteranopia; and the blue, & È S g 
in tritanopia. Y $ 

This theory was recently 
substantiated by electro- 
physiological studies (Gra- Fig. 312. Diagram of trichromatie theory of colour 
nit, 1947). Recording the po- vision. 
tentials of various points of 
the retina in cats and frogs with very fine platinum electrodes (microclec- 
trodes) made it possible to determine the thresholds of stimulation (and, con- 
sequently, the sensilivity) of various points of the retina on the basis of 
the arising electric responses. It appears that some retinal receptors possess 
maximum sensitivity in the region of the red-orange colours, others in the 
region of the green colour, and still others in the region of the blue colour. 

Developing the trichromatic theory, P. Lazarev advanced the hypothesis 
that the photochemical reaction of decomposition of the photosensitive 
substance is accompanied by a disintregration of molecules and a release 
of ions, which evoke nervous excitation in the corresponding elements of 
the retina. 

The drawback of the foregoing theory of colour vision is that it reduces 
the analysis of colour relations, which is effected by the organism, only 
to the activity of the peripheral division of the visual analyser. It disregards 
the highly important role of the cortical division in the processes of anal- 
ysis and synthesis of colour influences. But facts show that colour sensi- 
tivity is modified by administration of substances which stimulate or de- 
press the cortex. Many clinical observations reveal cerebral lesions in 
which colour vision is deranged totally or partly impaired as regards sepa- 
rate colours. Any modern theory of colour vision must therefore consider 
the highly important role of the cortical factors. 
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Eye Movements and Spatial Perception 


Muscular apparatus of eye. The eyeball moves about the centre of rota- 
tion which lies inside the eye 13.5 mm. back of the top of the cornea. It 
rotates about this centre by means of three pairs of muscles: the lateral 
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and medial erector muscles (mm. recti lateralis and medialis), the superior 
and inferior erector muscles (mm. recti superior and inferior), and the 
superior and inferior oblique muscles (mm. obliqui superior and inferior). 
Each pair of the eye muscles rotates the eyeball on one axis. 

In determining the proper directions in which the eyeball will move 
depending on the contraction of one group of muscles or another, the usual 
practice is to proceed from a certain primary position of the eyes, which is 
characterized by the fact that with the head in a straight and vertical 
position the visual axes are parallel and run sagittally. With the eyes in 
this primary position the contraction of the lateral or medial recti causes 
the eyeballs to rotate on the vertical axis. The superior and inferior recti 
rotate the eyeball on the frontal axis; when the superior rectus is con- 

tracted the eyeball moves upward 
and inward, and when the inferior 


I om sup. Jors] tal, Ofr- a rectus is contracted it moves down- 
w il, : : ; 


ward and inward. The inferior 


J Hose oblique rotates the eye upward and 

outward, and the superior oblique 

i ec os downward and outward (Fig. 313). 

Oge” @ Muus : Thus, during vertical movements 

9 Nose ©- sirais of the eyeball two muscles are 

K invariably contracted: when the 

Fig. N3. Diagram illustrating movements eye moves upward it is the rectus 
of eyeball. superior and obliquus inferior mus- 


cles, when it moves downward it 
is the rectus inferior and obliquus superior. The horizontal movement of 
the eye is due to the contraction of the medial rectus (inward movement) 
and the lateral rectus (outward movement) muscles. 

The movements of both eyes are normally so coordinated that one eye 
cannot move without the other. 

When the eyes view near objects the visual axes converge duc to a con- 
traction of the medial recti muscles. The reverse—divergence of the visual 
axes—is produced by a contraction of the lateral recti muscles. 

The external muscular apparatus of the eye is innervated by three 
nerves: 1) n. abducens innervates the external recti; 2) n. trochlearis, 
the superior oblique muscles; and 3) n. oculomotorius, all other muscles 
of the eye. 

As before stated the n. oculomotorius also innervates the ciliary muscle 
of the cye and the muscle which constricts the pupil; owing to this, the 
movements of the eycballs are coordinated with certain motor reactions 
inside the eye, which is of essential importance for clear vision. 

As the peripheral end of the motor analyser, the muscular apparatus of 
the eye plays an important, though not exclusive, part in distinguishing the 
dimensions of objects. In addition to the size of the image of an object on 
the retina and to the activity of the external and internal muscles of the 
eyes, the tactile stimulations which come from it are also very important 
for furnishing an idea of the dimensions of this object. Pavlov stressed the 
existence of a conditioned reflex mechanism responsible for the formation 
of such ideas. 

“When, for cxample, the physiologist is persuaded that to get an idea 
of the actual dimensions of an object requires a certain size of its image 
on the retina and certain activity of the external and internal muscles of 
the eye, he is thereby establishing the mechanism of the conditioned reflex. 
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A definite combination of stimuli coming from the retina and ocular mus- 
cles, repeatedly coinciding with the tactile stimulus arising from an object 
of a certain size, acts as a signal and becomes a conditioned stimulus pro- 
duced by the real size of the object. From this point of view, which will 
hardly be disputed, the principal facts of the psychological part of physio- 
logical optics are, physiologically, simply a series of conditioned reflexes, i.e., 
of elementary facts relating to the complex activity of the eye analyser.”* 

According to Pavlov, we have in this case what Helmholtz regarded as 
an “unconscious conclusion” and what is really a conditioned reflex act. 
The appreciation of distance between objects and the perception of space 
in general develop similarly, i.e., according to the principle of formation 
of conditioned reflex connections. Binocular vision is a very important 
factor in the latter case. 

Visual acuity. Onc of the principal functions of the visual analyser is to 
determine the spatial relations of visible objects—their dimensions, forms, 
distance, etc. 

The simplest form of spatial vision is discrimination of small objects and 
details, or so-called visual acuity. It is usually measured by the shortest 
distance between two sources of light which the eye is able to see separate- 
ly. The higher this ability of discrimination, the greater the visual acuity. 

The separate perception of two objects of the external world depends 
on the size of the image focused on the retina. If the distance between the 
images on the retina is below a certain limit and if they fall on two ad- 
jacent cones, the two objects perceived merge and are impossible to dis- 
criminate. 

The size of the image on the retina depends on the visual angle.** The 
smaller the visual angle at which the cye is able to perceive two objects 
separately, the higher the visual acuity. Therefore, visual acuity can be 
measured by a value inversely proportional to the visual angle. 

It has been established by research that a normal eye can perceive two 
objects separately if the angle formed by rays procceding from two separate- 
ly visible points of an object equals onc minute. An angle of one minute is 
usually regarded by physicians as normal visual acuity. The ability of the eye 
to see two objects separately depends not only on the distance between the 
objects, but also on the brightness or luminosity of the visible objects, on the 
degrec of contrast between the objects and the background, on the region of 
the retina where the image is focused and on the adaptation of the eye. It has 
been found experimentally that visual acuity is highest with the pupil 3 mm. 
in diameter. In monochromatic light visual acuity is higher than in mixed 
light. 

Visual acuity is usually measured with special charts, so-called opto- 
types, containing symbols of different sizes (letters, figures, rings and 
hooks). Charts which contain letters or rings with breaks and drawn so as 
1o make the width of these breaks or the lines composing the letters visible 
at angles of 1’, 2’, 5’, 10° and more, are the most widespread. 

In a fixed position the eye perceives a certain space, all points of which 
are seen simultaneously. This space simultaneously visible by the eye and 
limited by the insensitivity of the extreme retinal periphery to light stimu- 
lations is called the field of vision. 

* I. Pavlov, Complete Works, Vol. III, Book 1, p. 121. 

** An angle formed by rays which procecd from two visible points and cross in the 
so-called nodal point of the eye, situated at a distance of 7 mm. from the top of the 
cornea in the direction of the retina. 
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A special instrument—the perimeter—is used for measuring the field of 
vision. With the arc of the perimeter it is possible to determine the moment 
when the subject, whose eye is in a fixed position, begins to see the test 
object (usually, it is a small white spot) slowly moving from the periphery 
to the centre along the arc of the perimeter. The point on the are which 
marks the appearance of the test object corresponds to the outer border 
of the field of vision along 
the given meridian. The 
border is usually deter- 
mined for four meridians 
with two points fixed at the 
opposite ends of each me- 
ridian. The data obtained 
in this way are plotted on 
respective charts; the out- 
lines of the field of vision 
of the tested eye are ob- 
tained by connecting the 
points thus found (Fig.314). 

The field of vision is the 
most extensive for the 
white colour, while for 
the red, green, yellow and 
blue colours it is much 
narrower. 

When we look with both 
eyes, the field of vision of 
one eye overlaps that of 

as 5 i ER the other eye, owing to 

Fig. 314. A e aah of right eye for which the middle part of 

the binocular field of vision 
is common to both eyes. 

Binocular vision. We normally see with both eyes, i.e., our vision is bin- 
ocular. This makes it possible to see the surrounding world in relief, to 
determine the mutual disposition and distance of objects. 

When an object is viewed with both eyes the images focused on the 
retina of the right and left eyes merge in the cerebral cortex into one 
image. This merging is possible only when the images of objects fall upon 
corresponding or identical points of both retinas. . 

The position of identical points on the retina can be determined as fol- 
lows. If we imagine the retina of one eye laid over the retina of the other 
eye so that the central foveae and the vertical meridians of both retinas 
coincide, the points covering each other will be identical. The central 
foveae of both retinas and all portions of the retinas lying at an equal dis- 
tance and to the same side from the central foveac should be regarded as 
identical. The sum of all points of the space the images of which fall on 
the identical points of the retina are called the horopter. 

If the image of an object falls in both eyes on retinal points situated at 
different distances from the central foveae, i.e., the so-called noncorre- 
sponding or disparate points, double images arise. Such doubling of objects 
can be observed if, for example, while viewing an object, we displace one 
eyeball by gently pressing on it with a finger from above or from the side. 
But if this disparity is not very great no doubling of images is observed; 
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a new sensation appears—the sensation of some remoteness of the object 
(perception of depth) compared with the fixed point which produces a 
single image. 

The mechanism of the stereoscope is based on this phenomenon. In the 
stereoscopc the relief spatial sensation arises when two planc images of the 
same object are simultancously viewed; these images (pictures) are placed 
before the eyes in such a way that certain parts of them fall on identical 
points of the retinas and produce a single image, while all other parts fall 
on retinal points which do not fully correspond to each other and which 
give rise to an impression of a relief image. 

An impression of relief arises not only with a disparity of the images 
focused on the retina in binocular vision, but also with a convergence of 
the visual axes. It is possible to judge the distance of objects by the 
intensity of convergence. Studies have shown, however, that convergence 
in itself is not indispensable for distance perception, but plays only an 
auxiliary role. 

Visual distance perception is also possible with one eye, though it is not 
so perfect as in binocular vision. An important role in monocular percep- 
tion of distance, within the limits of close distances, is played by accommo- 
dation which, as is well known, increases as the objects observed are 
brought closer to the eye. 

Differentiation of spatial relations, like perception of the size of objects, 
is elaborated on the basis of conditioned reflex connections in the activity 
of the visual and motor analysers owing to the combination of the visual 
images with the impulses coming to the cerebral cortex from the muscular 
apparatus of the eyes. Differentiation of the size of objects effected by the 
cutaneous analyser (tactile sensibility) may play a certain part in this. 

Perception of movements. The movements of the surrounding objects 
are perceived by vision. The perception of movements, which is one of the 
forms of space perception, may be caused by the displacement of images 
on the retina. A displacement of images on the retina may be produced by 
the movement of the object when the eyes are fixed or by the movement 
of the cyes when the object is motionless. 

Perception of movements is possible only when they occur at a certain 
rate. We do not perceive very slow movements, such as the movements of 
the hands of a watch; nor do we perceive movements of objects occurring 
at very high speeds, such as the flight of a bullet. The minimum rate of 
movement at which the eye is able to perceive the displacement of an 
object is equal to an angular velocity of 1 to 2’ per second, if the given 
object moves against the background of motionlcss objects. The maximum 
rale at which the perception of movements is still possible depends on the 
brightness of the stimulus and lies between 1.4 and 3.5 angular degrees 
per 0.01 second. 

Observations show that displacement of the retinal image alone is 
insufficient for the perception of movements. If, for example, we turn our 
eyes from one motionless object to other motionless objects we do not 
perceive any displacement of the intermediate objects. In the perception 
of movements, as in all other forms of perception of spatial relationships, 
an important part is played by the movements of the eye, by the activity 
of the motor analyser connected with these movements and by the con- 
ditioned reflex connections elaborated during lifetime. 

This is why the studies of various forms of spatial perception based on 
Pavlov’s theory of conditioned reflexes are particularly promising. 


46° 723 


CHAPTER 71 
AUDITION 
General Characteristics of Auditory Analyser 


The auditory analyser is a complex nervous mechanism which perceives 
and differentiates sound stimuli. In the course of evolution the peripheral 
receptor apparatus of the auditory analyser developed special sensitivity 
to the action of sound waves whose energy it transforms into nervous exci- 
tation transmitted to the central division of the analyser. 

The human auditory analyser can perceive sounds ranging in frequency 
approximately from 20 to 20,000 cycles.* With sound travelling in the air 
at 340 metres per second this range of frequency corresponds to sound 
waves of 17 m. to 17 mm. 

The sensitivity of the auditory analyser within the range of 2,000 to 
4,000 cycles (where this sensitivity is highest) can be characterized by the 
fact that the amplitude of vibrations of the air particles at the threshold 
of hearing is about 10—!cm., i.e., much less than the diameter of the air 
molecules. 

From the physical aspect sounds are characterized by frequency (number 
of periodical vibrations per second) and intensity (amplitude of vibrations). 
Physiologically the frequency and intensity are correlated with pitch and 
loudness. The third important feature of sound is the so-called sound 
spectrum, i.e., the composition of additional periodical vibrations (over- 
tones) which arise along with the fundamental frequency and exceed it 
in simple multiple ratios—1 : 2 :3 :4, etc. Physiologically this spectrum is 
expressed in the timbre of sound. It is precisely by the timbre that we 
recognize the sounds of various musical instruments and of human voices 
even when these sounds are of the same pitch and loudness. 

In addition to sounds caused by periodical vibrations and called sound or 
musical tones, there are diverse sound vibrations of a nonperiodical nature, 
i.e., noises. Noises and tones may mix together in greatly varying propor- 
tions and change into each other, but they are highly delimited in their 
extreme manifestations. 

Very strong sounds evoke a peculiar sensation of pressure in the ear 
and may even cause pain sensations. 

The auditory analyser makes it possible not only to differentiate sound 
stimuli, but to determine the direction of the sound and the distance of its 
source (this will be discussed in greater detail below). 


Evolution of Auditory Receptor Apparatus 


The complex structure and high specialization of the auditory receptor apparatus 
in man and mammals are the result of long evolution. 

Lower animals have special structures called “acoustic tentacles” “acoustic foveae, 
or vesicles.” These structures, previously designated as auditory, are organs of equi- 
librium. Of the invertcbrates only insects possess peculiar auditory apparatuses, so- 
called tympanic organs, which perccive sound vibrations of a certain range of 
frequencies. 

The auditory apparatus of vertebrates is situated in the membranous labyrinth 
which is simultaneously the organ of equilibrium. The simplest structure of the laby- 


* A cycle designates the number of periodical vibrations per second. 
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rinth is in fish. It develops from the ectoderm of the posterior part of the head, first 
as an acoustic vesicle which communicates with the external surface. Later this 
vesicle separates und forms three semicircular canals situated in three planes per- 
pendicular to each other. The part of thz acoustic vesicle which connects the semi- 
circular canals is called the vestibule (vestibulum); it consists of an oval sac (utri- 
culus) and a round saccule (sacculus). A hollow protuberance (lagena) develops in the 
lower part of the sacculus; in mammals it stretches out and forms the spiral canal 
of the cochlea. 

The structure of the upper part of the labyrinth is quite uniform in all groups 
of vertebrates. But the structure of the lower part possesses characteristic distinc- 
tions. Already in amphibians and reptiles an extension, called the basilar mem- 
brane, becomes separated from the lagena. Inside the protuberance formed by the 
wall of the sacculus there is a special acoustic papilla (papilla acustica lugenae). In 
birds this protuberance of the hollow saccule becomes elongated and turns into a 
somewhat curved canal of the cochlea. Inside this canal is situated the main acous- 
tic papilla which is similar in structure to the organ of Corti. 

In mammals the auditory receptor apparatus reaches a high level of develop- 
ment. The long protuberance of the sacculus assumes the form of a cochlea with 
spirals ranging in number from 1! to 5 in different animals. 


This brief outline of the development of the ear labyrinth in animals on 
different levels of the zoological scale clearly shows that the vestibular 
apparatus arises earlier than the cochlear. These two portions of the 
labyrinth are receptors percciving mechanical vibrations: the vestibular 
portion perceives coarse concussions resulting from changes in the position 
of the body in space; the cochlear portion, sound vibrations. The cochlear 
apparatus begins to develop only when the animals pass to a terrestrial 
mode of life. The beginning of cochlear formation coincides with the 
beginning of the development of the cerebral cortex. 

As before stated, fishes do not have cochleae; it would, therefore, seem 
that they have no sense of hearing. But numerous experiments (Frolov and 
others) have shown that fishes react to sound stimuli providing the lower 
part of the labyrinth (sacculus and lagena) is intact. The fact that amphib- 
ians and reptiles have a sense of hearing is also beyond doubt. Frogs react 
to sound stimuli ranging in frequency from 50 to 15,000 cycles, but can 
hardly distinguish separate sounds. Experiments with elaboration of con- 
ditioned reflexes in lizards show that the latter can perceive sounds whose 
upper limit of frequency is about 8,000 cycles. The sense of hearing is 
relatively well devcloped in birds, its upper limit being about 10,000 cycles. 

The sense of hearing is developed most in mammals owing to the higher 
development of the peripheral receptor apparatus and the functions of the 
cerebral cortex where the higher division of the auditory analyser is 
located. 


Structure of Auditory Analyser 


Peripheral division of auditory analyser. The peripheral division of the 
auditory analyser includes: 1) a sound-collecting apparatus—the external 
ear; 2) a sound-transmitting apparatus—the middle ear; 3) a sound-receiv- 
ing apparatus—the inner ear (the cochlea with the organ of Corti). The 
structure of the peripheral division of the auditory analyser is described 
in detail in courses of anatomy and histology. Here we shall recall only 
the structure of the cochlea and of the organ of Corti. 

The cochlea, with the organ of Corti enclosed in it, is the peripheral 
receptor apparatus of the auditory analyser which transforms the energy 
of sound waves into energy of nervous excitation. It is an osseous canal 
coiled spirally around a conic bony pillar (modiolus); branches of the 
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cochlear nerve pass through openings in the base of the modiolus. The 
canal which is 20 to 30mm. long in man forms 2-5- or 2 spirals and 
gradually diminishes in diameter from the base of the cochlea to its apex. 
A spiral osseous lamina (lamina spiralis ossea) extends from the axial pillar 


along the entire canal, its width being about - > that of the canal. Between 


the free edge of the spiral 
lamina and the lateral wall 
of the canal stretches a 
thin membrane—the basi- 
lar membrane (membrana 
basilaris). This osseous- 
connective tissue partition 
divides the canal into two 
chambers or staircases. 

The upper staircase, 
scala vestibuli, communi- 
cates with the vestibule 
and extends to the apex 
of the cochlea, while the 
lower staircase, scala tym- 
pani, extending from the 
apex, terminates by the 
round window. At the 
Fig. 315. Cross-section of cochlear spiral (dingram). apex of the cochlea both 
4--fibre of cochlear nerve; 2- organ of C wti; 3—-bonilar mem- staircases communicate 
brane; 4—tcetorial ee a Apiral Tigar nt: 6— Reissner's through a small opening 

(helicotrema). 

Ifwe makea cross-section of one of the cochlear spirals the preparation thus 
obtained will allow us to see the inner structure of the staircase (Fig. 315). 

The upper staircase is divided by a thin membrane, called Reissner’s 
membrane, into two unequal cavities. The smaller cavity is called ductus 
cochlearis or scala media. It extends along the entire canal of the cochlea 
up to its apex where it terminates in a blind sac. Inside the 
scala media is the most important part of the cochlea—the organ 
of Corti which is situated along the entire length of the cochlea, 
on the upper surface 
of the basilar mem- 
brane, along ils me- 
dial edge. The basilar 
membrane consists 
of very fine elastic 
fibres stretched be- 
tween the free edge 
of the spiral lamina 
and the lateral wall 
of the osseus canal 
of the cochlea. The 
blood vessels are sit- Fig. 316. Diagram of human organ of Corti (croas-nection). 


uated on the lower J---tuctorial membrane; 2—-retiform membrane: 3 -outor (3 to 4 

r f : rowa) hair colls and inner (ono row) hair culls; 4—austontacular colls; 
surface of the basilar 5—-fibros of cochlear nerve (cross-acction); 6—-outer and inner pillars; 
membrane. 7... cochlear norvo. 
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The organ of Corti is a highly complex epithelial formation containing 
sustentacular and sensory cells. Its structure is shown in Fig. 316. 

In the middle of the organ of Corti there is a triangular space called the 
tunnel. This tunnel extending throughout the length of the cochlea is 
formed by obliquely mounted sustentacular cells—by the outer and inner 
pillars whose upper ends come together forming the arch of Corti. 

Medially from the arches of Corti there is one row of acoustic hair cells— 
the inner acoustic cells—and laterally—three or four rows of outer acoustic 
hair cells and sustentacular cells. The fibres of the auditory nerve form a 
very fine plexus around the acoustic hair cells, which are the sensory cells 
of the auditory organ. The hairs of the acoustic cells enter the lumen of 
the scala media which is filled with 
endolymph. There are about 3,500 | A 
inner hair cells and about 20,000 Cerebral corlex P) ate of the 
outer hair cells. 0 LL LOL 4- É 

Projecting over the organ of Corti i 
is the membrana tectoria. One of its 
ends is attached to the edge of the 
osseous spiral lamina and the other 
is freely immersed in the endolymph. 

While the diameter of the osseous 
canal gradually diminishes in the 
direction of the cochlear apex, the xcom 
width of the basilar membrane vem: 
changes in the opposite direction: its 





MN bothleor. 
drs. ~~ 


To the muscles 


narrowest part is at the base of the © eg A of The eye 
cochlea, near the round window and "he ane 
Lochlea ear, 


the vestibule; its broadest part is in 
the region of the upper spiral of the Fig. 317. General diagram of structure of 
cochlea. aucitory analyser. Only crowed pari of 

A large number of nerve fibres runs auditory fibres ix shown. 
to the organ of Corti from the peri- 
pheral ganglion of the cochlear nerve (ganglion spirale) situated in the 
spiral thin duct which passes in the base of the osseous spiral lamina. The 
spiral ganglion contains about 30,000 bipolar nerve cells. Each nerve cell 
projects a process which ramifies between the inner and outer acoustic 
cells. All the nerve fibres extending from the spiral ganglion to the organ 
of Corti lose their myelin sheath when passing through the opening of the 
spiral osseous lamina. 

Conductive and central divisions of auditory analyser. The peripheral 
division of the auditory analyser is connecled by the auditory nerve 
through a number of internuncial neurons with the cortical division of the 
analyser situated in the temporal lobes of the cerebral hemispheres. 

The first peripheral neuron, as before stated, is represented in the spiral 
ganglion in the form of a bipolar nerve cell whose short process runs to the 
organ of Corti, while the long process enters the auditory nerve. This nerve 
(the acoustic) contains two kinds of fibres of different physiological signifi- 
cance. One part of the fibres travels to the cochlea forming the cochlear 
nerve which, properly speaking, must be called the auditory nerve. The 
other part of the fibres proceeds to the vestibular apparatus (semicircular 
canals, utriculus and sacculus) and has its own peripheral ganglion—gan- 
glion vestibulare scarpae—which lies in the inner auditory meatus. These 
fibres form the vestibular nerve. 
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The neurons of the cochlear nerve terminate in two nuclei of the medulla 
oblongata—nucleus cochlearis dorsalis and nucleus cochlearis ventralis 
(Fig. 317). From the nuclei of the medulla oblongata most of the nerve 
fibres cross to the opposite side, run up to the nuclei of the upper olive as 
a solid bundle, known as the lateral lemniscus, and reach the midbrain. 
The remaining nerve fibres do not cross and enter the lateral lemniscus on 
their own side. The nuclei of the upper olive project short fibres to the 
nuclei of the motor nerves of the head and body. 

In the region of the midbrain some of the fibres of the lateral lemniscus 
terminate in the inferior colliculus of the corpora quadrigemina; the others, 
directly in the medial geniculate body of the thalamic region (metathala- 
mus). The medial geniculate bodies are not only an intermediate station for 
the nervous auditory pathways running to the cortex, but also contain the 
mechanisms which coordinate the unconditioned auditory reflexes to the 
muscles of the body. The inferior colliculus of the corpora quadrigemina 
is also a centre of reflex motor responses to sound. The geniculate bodies 
and the temporal region of the cortex are connected by nerve fibres which 
radiate from them (radiatio acustica). 

From the foregoing scheme it is clear that the entire pathway from the 
peripheral end of the auditory analyser to the cortex consists at least of three 
neurons. The first neuron links the organ of Corti with the nuclei of the 
medulla oblongata; the second, the nuclei of the medulla oblongata with the 
thalamic region; and the third, the nuclei of the thalamic region with the 
cortex. The cortical end of the auditory analyser is situated in the upper part 
of the temporal lobe of the brain, in the region of the sylvian fissure (areas 
41 and 42 according to Brodmann). The temporal gyrus (Heschl’s gyrus) is 
apparently particularly important. 


Conduction of Sound Vibrations in Peripheral Division 
of Auditory Analyser 


Sound vibrations coming into the external auditory meatus are con- 
ducted farther through the tympanic membrane and chain of auditory 
ossicles to the oval window of the middle ear. Microscopic observations 
show that the amplitude of vibrations of the conic apex of the tympanic 
membrane usually does not exceed 0.05mm.; under the action of weak 
sounds within the limits of audibility the vibrations of the tympanic mem- 
brane are not seen in the microscope at all. 

The auditory ossicles which form a system of levers and transmit the 
vibrations of the tympanic membrane of the oval window play an impor- 
tant role in the conduction of sound vibrations (Fig. 318). The whole system 
of auditory ossicles is suspended in the tympanic cavity by means of liga- 
ments. In addition to the ligaments there are two small muscles: one of 
them, the stapedius, is inserted in the head of the stapes at the point of its 
joint with the incus; the other, the tensor tympani, is inserted in the handle 
of the malleus. Although the malleus and the incus are connected by a 
joint, they are so closely bound up that under the action of sound they 
vibrate as a single unit. These vibrations are conducted to the stapes whose 
base closes the oval window by means of the annular ligament. The entire 
sound-conducting system of the middle ear acts like a collector of sound 
energy, transmitting the latter from the tympanic membrane to the oval 
window whose surface is 20 times as small as that of the tympanic membrane. 
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The aforesaid muscles play the role of reflexly acting regulators of the 
sound-conducting apparatus of the middle ear. Under the action of very 
strong sounds the contraction of the tensor tympani tenses the tympanic 
membrane, while the contraction of m. stapedius retracts the stapes. 

The mechanical vibrations of the auditory ossicles are transmitted to the 
fluid of the vestibule through the base of the stapes in the oval window. 
Each movement of the stapes in the direction of the vestibule entails a 
displacement of a certain amount of fluid from the region of the vestibule 
to the upper canal of the cochlea (scala vestibuli). The increase in pressure 
in the endolymph of the upper canal of the cochlea drives the basilar 
membrane downward, which presses on the endolymph of the lower canal 
of the cochlea (scala tympani). Since 
the lower canal of the cochlea com- Zz 
municates with the round window 
which is closed by a membrane, the 
latter bulges out in the direction of 2% tt 
the tympanic cavity. The vibrations Exlormal 
of the auditory ossicles are thus trans- gudifory mealus 
mitted to the basilar membrane and 
simultaneously to the hair cells, and 
excite the endings of the auditory 
nerve. 

Clinical observations show that 
limitation in the mobility of the audi- 
tory ossicles because of their concres- 
cence resulting from inflammatory dis- 
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eases or a sclerotic process in the Round window 
region of the oval window markcdly Fig. 318. Sound-condueting apparatus 
impairs hearing. Perforation of the of car. 


tympanic membrane, however, has but 

little effect on hearing. Even in the absence of the tympanic membrane, the 
malleus and incus hearing is retained though considerably weakened. In 
this case the sound vibrations are, apparently, transmitted to the round 
window, which, as before stated, is closed by a membrane (the “secondary 
tympanic membrane”) whose vibrations may be conducted to the endo- 
lymph and basilar membrane of the cochlea. In this case the so-called 
bone conduction of sound vibrations may play an important role. 

Unlike the aforesaid air conduction of sound vibrations, bone conduction 
is effected directly through the bony tissue of the skull. If the ears are 
stopped up, i.e., if air conduction is excluded, a vibrating tuning fork with 
its shank held against the skull, above the mastoid process of the temporal 
lobe, can be clearly heard. It has been shown that sound waves cause the 
bones of the skull and the labyrinth to vibrate. The vibration raises the 
pressure of endolymph in the scala vestibuli higher than in the scala 
tympani, since the membrane closing the round window is more clastic 
than the base of the stapes closing the oval window. As a result, vibrations 
arise in the basilar membrane and in the hair apparatus, like in air conduc- 
tion. As regards the action of sound vibrations on the auditory receptor 
apparatus bone conduction is almost a million times less effective than 
air conduction. 

In medical practice tests of bone conduction are used for diagnostic pur- 
poses. In order to compare audibility in air and bone conduction the shank 
of a vibrating tuning fork is placed against the mastoid process. The 
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moment the vibrations of the tuning fork fade to the extent that the subject 
no longer perccives the sound through the bone of the skull, the tuning 
fork is brought close to the auditory meatus. The normal ear still hears the 
sound for some time. When the sound-conducting apparatus is damaged, air 
conduction is shortened and bone conduction is lengthened (Rinne’s test). 

In cases of a unilateral lesion of the sound~-conducting apparatus the 
application of the shank of a vibrating tuning fork io the top of the head 
is accompanied by a so-called lateralization of sound, i.e., by a relative 
intensification of sound in the normal ear. 


Electric Phenomena in Auditory Analyser 


Investigation of the electric phenomena arising in the cochlea, auditory 
nerve and auditory centres as a result of sound stimulations is very impor- 
tant for the study of the work of the auditory analyser. 

Research in electric phenomena in the auditory apparatus made parti- 
cular headway in the thirties of the current century when, by leading off 

the potentials from the coch- 

lea of a decerebrate cat (ex- 

I HA aia a a periments of Wever and 
Bray) with the aid of an 

amplifier and a telephone the 

sound stimulations which had 

animal were reproduced. The 

Fig. 319. Oseillogram of cochlear effect (recorded telephone reproduced the 
from round window). nature of the sound vibra- 

7-—-cochlear effect; J7 tone of 600 cycles. tions with such exactitude 

that it was possible todiscrim- 

inate the pitch of the sound, its timbre and even separate words which 
were also used for exerting an acoustic influence on the ear of the animal. 

The cochlear effect is best observed when potentials from the round 
window are led off. In this case the potentials may reach the maximum 
value of about one millivolt. The potentials reproduce the form and fre- 
quency of the sound waves in the entire range of frequencies perccived by 
the ear (Fig. 319). This: effect has a very short latent period—less than 
0.001 second; it is stable as regards the action of anaesthetizing substances 
and fatigue, and persists when the cochlea is cooled. Available data allow 
us to regard the cochlear effect as a physical phenomenon conditioned by 
the ability of the cochlea to act like a microphone; this phenomenon was 
therefore named the microphonic cochlear effect. 

When the electrodes are applied to the auditory nerve or various sections 
of the auditory pathways, the cerebral cortex included, it is possible to 
observe bio-electric oscillations connected with the passage of nervous 
impulses which arise in the receptors of the chochlea under the action of 
sound stimuli. In their nature and properties they differ from the micro- 
phonic cochlear effect, representing the well-known potentials of nervous 
impulses. Table 31 shows how changes in the conditions under which 
nervous impulses are conducted—changes due to the inclusion of new 
neurons on different levels of the central nervous syslem—increase the 
latent period and reduce the frequency limit of the nervous impulses re- 
produced synchronously with the frequency of the acting sound vibrations. 
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Table 31 


Characteristics of Electric Potentials Arising in Various Divisions 
of Auditory Analyser Under Sound Stimulations 











Latent poriud | Maximum frequency 








Region from which potentiale are led off (in mjsee.) | of nervous impulses 
d i reproduced (per aee.) 
Auditory nerve .... 0.0 cece eens | 0.9 i 3,500 
Primary auditory centres in medulla ob- | i 
TE S E E E T a 2.2 2,500 
Region of corpora quadrigeminn (collicu- | 
lus inferior) Dette e eee e eee betes | 4-5 i 1.200 
Motathalamie region (corpus geniculatum : 
MOAUMO) ova ccna vied ae ieee needs f : 
Auditory area of Cortex a...an. | N f 100 


Sensitivity of Auditory Analyser 


Unit of sound intensity. Auditory sensitivity is characterized by a 
minimum intensity of sound which is sufficient to cause an auditory sensa- 
tion. The minimum intensity of sound evoking an auditory sensation is 
designated as the threshold of hearing at the given frequency of sound 
vibrations. Determination of auditory sensitivity and the threshold of hear- 
ing is thus reduced to measuring sound intensity. 

The intensity of sound may be defined as the amount of energy which 
passes in one second over an area of 1 sq. cm. perpendicular to the direction 
of the sound wave. The intensity of sound can, therefore, be expressed in 
units of encrgy—ergs and microwatts. 

But the intensity of sound is the square of pressure produced by the 
sound wave and can, therefore, be characterized by the value of this pres- 
sure. Sound pressure is measured in bars, one bar denoting pressure 
exerted by a force of one dyne on 1 sq.cm. of surface. This value con- 
stitutes approximately one-millionth of normal atmospheric pressure. 


In present-day acoustics the intensity of sound is usually expressed not in the 
aforesaid absolute units, but in certain conventional, relative units. For this pur- 
pose a certain intensity of sound is taken as a refcrence unit or level; cach given 
intensity of sound is expressed by a ratio between this sound intensity (J) and the 


intensity (Jo) taken as a reference standard, The ratio- 7, expresses the intensity of 


the given sound relative to a definite reference level. 

The valuc 10—16 watt cm.2 equalling 10— erg (cm.2) sec. and corresponding to a 
sound pressure of 0.000204 bars (at a tempcrature of 20°) is taken as the reference 
level. This value of sound intensity lies somewhat below the lowest threshold of 
hearing which is observed at the frequency of 1,000 cycles. All intensities of audible 
sounds encountered in practice will therefore lie above the reference level. 

But the range of changes in the intensity of audible sounds is extremely exten- 
sive. Suffice it to point out that the threshold of hearing for the extreme low fre- 
quencies is 10° times the threshold of hearing for the frequency of 1,000 cycles. It is 
therefore practically more convenient to use not the ratio of sound intensities, but 


the decimal logarithm of this ratio: log.,, 7° The logarithmic value of the ratio 
“o 

of two sound energies equalling 1 is taken as a unit of measure and is designated 

as a “bel.” Consequently, one bel corresponds to the ratio z - which equals 10, 
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J 

since in this case log.,, - JS log.,, 10 =1. But this unit of measure is too large and 
“oO 

a unit one-tenth of this, i.c., a decibel, is employed in acoustics. Since the number 


df 
-, the number of decibels (N) is 10 times as great, i.c., N = 10 


of bels equals log.,, J 
vo 


J 
108. 19 Wy $ 
As before stated, the encrgy of the sound wave is the square of the sound pres- 
sure. Hence, the ratio of two different pressures (p and po) can be expressed in 
p 


s p? p}? 
decibels as follows: N = 10 log.,, pai = 10 log.,, (2 = 20 10g. v . 
If the given sound pressure cquals the reference level of intensity, i.e., P = Po, 
N = 20 log. a i = 20 log.,, 1=-0. Conscquently, the reference level of intensity 
u 


on the scale of decibels is a zero level. 
If the sound pressure increases 10-, 100- or 1,000-fold in relation to the zero level, 


according to the formula N = 20 log.,, n a this will correspond to an increase in 
0 

the intensity of sound by 20, 40 or 60 db; when the sound pressure is doubled, the 

intensity of sound increases approximately by 6 db (since log.,, 2 = 0.30103). 


The use of the scale of decibels is very convenient us if simplifies computations. 
The relative intensity of all audible sounds usually docs not exceed 120-140 db 
(Table 32). 

Table 32 


Intensity of Various Sounds on Scale of Decibels 








Intensity of sound 





Sound in decibela 
Threshold of hoaring ..............005 0 
Faint whieper at a distance of 1.5m..... 10 
Ticking of a watch ....... 6. e eee cee 20 
Quiot conversation ...... Souda na as | 40 
Busy street... cee ec eee eee | 70 
Shout aose asap So's Se HERS | 80 
Fortissimo of a big orchestra........... | 100 
TTHUNGOR i aise 1h os ept e nee ews Soden ges | 120 


Thresholds of Auditory Sensitivity and Sensations of Pressure 


Ascertainment of the level of sound intensity makes it possible to deter- 
mine the sensitivity of the ear and to express it in certain threshold or 
minimal values of sound energy which under the given conditions evokes 
an auditory sensation. Two methods are used for this purpose: the thresh- 
old of hearing is determined either by measuring the sound pressure on 
the tympanic membrane or by measuring the sound intensity in the free 
acoustic field. 

In order to determine the minimum sound pressure which evokes an audi- 
tory sensation, a calibrated telephone, a thermophone or some other acoustic 
radiators are used; they are placed in the direct proximity of the ear or are 
held close to it. The sound pressure is measured inside the auditory canal. 

The auditory analyser possesses maximum sensitivity to sounds of 1,000 
to 4,000 cycles. Within this range, the ear can perceive sounds with a 
pressure of less than 0.001 bar. Above and below these frequencies the 
sensitivity of the ear sharply declines (Fig. 320). 
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Fig. 320. Threshold of audibility and threshold of touch (pressure) 
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Table 33 shows the threshold value (in bars and millionths of a micro- 
watt) for tones of different frequencies. 


Table 33 
Threshold Valuc for Tones of Diferent Frequencies 

Frequency of vi- 

brations ....... 63 128 256 l2 1,024 2,048 4,000 8,102 16,964 18,500 
Sound pressure (in 

bars) ........-. 0.12 0.031 0.0039 0.0010 0.00052 0.00041 6.00042 0.0025 0.13 4.1 
Sound intensity 

(watts » 10715) . i an 1.06 0.030 0.0024 0.00065 0.00040 0.00042 0.015 41 400,000 


The threshold of hearing is usually determined by the second method, 
i.e., by measuring the sound intensity in the free acoustic field, in a room 
insulated from any external noise or in a special chamber. The source of 
sound (a telephone) is placed at a distance of 30 to 100 cm. from the ear of 
the observer. The threshold is determined for the hearing with both ears 
(binaural threshold) and with one ear (monaural threshold). 

It will be observed that the threshold of hearing of the most sensitive 
ear lies almost on the border of fluctuations of air pressure, i.e., of the 
fluctuations in absolute auditory rest and are evoked only by the disorderly 
thermal movement of air molecules. 

The aforesaid thresholds characterize the degree of sensitivity of the 
auditory analyser to the minimum intensity of sound of different fre- 
quency. The thresholds of maximum sound intensity can also be deter- 
mined. If the sound is gradually intensified, a peculiar sensation of pressure 
arises in the ear at a definite level of intensity and with further intensifi- 
cation of the sound becomes painful. 

The level of sound intensity at which an auditory sensation passes into 
a sensation of pressure determines the threshold of maximum sound 
intensity, or the upper absolute threshold of auditory sensitivity. This 
threshold is called the threshold of pressure sensation (Fig. 320). The nature 
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of this sensation depends on the frequency of sound and on the individual 
peculiarities of the person perceiving the sound. At low frequencies vibra- 
tions superposed on the sound are distinctly felt. In some cases giddiness is 
observed probably due to the stimulation of the semicircular canals. High 
sounds may evoke a sensation which is similar to acute pain. 

If we express the threshold of pressure sensation in bars, it will equal 
approximately 1,000 bars, which corresponds to the pressure of 1 gr. 
on 1 sq.cm.; it is thus very close to the threshold of cutaneous pressure 
sensation. 

Between the threshold of hearing and the threshold of pressure sensa- 
tion lies the range of audibility; within it come all the sounds of various 
intensities and frequencies perceived by the auditory analyser. 

The results of testing the hearing ability arc graphically represented in 
so-called audiograms. An audiogram is plotted in the form of a curve, the 
frequencies being marked along the abscissae and the hearing loss in deci- 
bels—along the ordinates. 

With age auditory sensitivity greatly declines. The age alterations of 
hearing pertain mainly to tones of high frequency, namely, those exceeding 
1,000 cycles; sensitivity to tones of low frequency hardly changes. 


Differential Thresholds of Frequency and Intensity of Sound 


An auditory sensation, called the pitch of the tone, corresponds to a given 
frequency of sound vibrations. Tones of high frequency are usually called 
high tones, while tones of low frequency are designated as low tones. Two 
tones are used to determine just perceptible changes in the sensation of 
the frequency of a tone; the tones are sounded alternately, the frequency 
of one gradually incrasing from unison to the moment when the observer 
begins to distinguish a just perceptible difference between the two tones. 

The differential threshold of frequency (pitch) reaches its maximum 
value within the range of low frequencies and with sounds of low intensity. 
In frequencies ranging [rom 500 to 3,000 cycles, the value of the differential 
threshold changes very little and constitutes approximately 0.003. This 
means that within this range of frequencies it is possible to discriminate a 
change in frequency equalling 3 cycles per 1,000 cycles. Individuals possess- 
ing a highly developed sense of hearing can distinguish a tone of 1,000 
cycles from that of 1,001 cycles. 

The following question arises: how long must a sound last to enable the 
ear to perceive its pitch? It has been found that for tones lying within the 
middle region of the frequency range the minimum duration required is 
0.01 second. For tones below 200 cycles 3 or 4 sound waves are required 
to enable the ear to perceive the pitch of the tone; for tones of about 1,000 
cycles, 12 sound waves; and for tones of 10,000 cycles and over, 250 sound 
waves. 

A certain degree or strength of auditory sensation called the loudness 
of the sound corresponds to the physical intensity of the sound. The corre- 
lations between the loudness of the sound and its intensity are quite com- 
plicated; it is therefore absolutely wrong to identify these essentially differ- 
ent ideas. The loudness of the sound is a function not only of the intensity 
of the sound, but also of its frequency. Two sounds having the same inten- 
sity but differing in frequency are not equally loud. 
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Studies of the differential threshold of sound intensity have shown that 
the minimum perceptible increase is not a constant value but depends on 
the initial intensity of the sound. The value of the relative increase in 
intensity is greatest when the sounds are weakest (at the threshold of hear- 
ing); with the increase in the intensity of sound it diminishes and, finally, 


from 40 db it remains constant. This dependence of the ratio wv on the 


initial sound intensity does not agree with the laws of Weber and Fechner. 

On the basis of the results obtained from the determination of differen- 
tial auditory sensitivity it is possible to establish the total number of simple 
tones of various frequencies and pitches which can be differentiated by 
the human auditory analyser. For sounds of medium intensity—if the 
frequency alone changes—there are about 1,500 just perceptible degrees of 
modifications, from the lowest audible frequency to the highest. If the 
intensity of the tone alone changes, there are about 325 just perceptible 
degrees of loudness in the middle portion of the range of frequencies. The 
total number of discriminable tones for the entire range of audibility is 
tremendous—about 340,000. 


Adaptation and Fatigue of Hearing 


Auditory sensitivity varies with the action of a sound. It declines when 
a tone of sufficient intensity or duration is sounded and increases in com- 
plete or relative silence. This physiological phenomenon of adaptation of 
sensitivity to different levels of sound intensity is called adaptation of hear- 
ing. When the ear is adapted to silence the sound perceived appears much 
louder than when heard for a long time. In the latter case the sound 
appears weakened or deadcned. 

When the sounding of a tone ceases recovery of auditory sensitivity, i.e., 
adaptation to silence, is observed. Complete recovery arises very quickly— 
in 10 to 15 seconds. The nature of adaptation varies with the frequency of 
the sounding tone. A decline of loudness is observed predominantly for 
tones close to the sounding tone. 

Auditory sensitivity alters in both ears, even if the sound acts only on 
one ear; this means that it alters in the auditory centres. 

The process of adaptation is thus a phenomenon caused by corresponding 
changes in the functional state of both the peripheral and central divisions 
of the sound analyser. 

When the acoustic stimulus acts for a long time (for example, for several 
hours) auditory sensitivity declines more because of the excessive stimu- 
lation of the auditory apparatus; unlike adaptation, it persists for a longer 
time after the acoustic stimulus ceases to act. This protracted decrease in 
the sensitivity of the ear caused by its long functioning may be defined as 
fatigue. The symptoms of fatigue disappear under adequate conditions, for 
example, in relatively noiseless surroundings. Normal auditory sensitivity 
is never fully recovered if the auditory analyser is systematically subjected 
to the fatigue-producing action of a sound for a very long time (months and 
years). Such acoustic trauma results in degenerative changes in the cells 
of the organ of Corti and in the nervous elements of the inner ear accom- 
panied by a considerable decline of hearing. It is responsible for the pro- 
fessionally impaired hearing or deafness which develop after many years 
of work in noisy shops of industrial enterprises. 
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Masking 


The suppression of one tone when another tone is sounded is called 
masking. This phenomenon can be easily observed in everyday life when 
a weak sound becomes less audible as a result of the simultaneous action 
of loud sounds. The effect of masking manifests itself in the rise of the 
threshold of the masked sound. This rise of the threshold, or the intensity 
of suppression, differs for tones of various frequencies. For tones whose 
frequency is below the frequency of the masking tone, the rise of the 
threshold is insignificant (except the neighbouring tones): it equals 1 or 2 db. 
Tones which lie above them are masked very highly: the intensity of their 
masking is close to the level of the masking tone. The tones whose fre- 
quency is close to that of the masking tone are masked most. For example, 
a masking tone of 800 cycles greatly obscures Lhe tones of 700, 900 and 
1,000 cycles. 

The masking influence of various noises is observed in everyday life. 
Measurements taken in city public places show that the extent of masking 
reaches 30 db and more. 


Sound Localization 


Man and the higher animals can judge the direction of a sound and to 
localize the source of a sound in space. The direction of a sound is correctly 
judged with both ears, owing to which this ability is called the binaural 
effect. The ability to judge the direction of a sound depends on two factors: 
first, on the difference in sound intensity in both ears owing to their differ- 
ent distance from the source of sound, and, second, on the phase difference 
or, to be exact, on the interval between equal phases of sound waves enter- 
ing the two ears. 

The importance of the intensity factor for judging the direction of the 
sound can be easily illustrated by a simple experiment. If two tones of 
different intensity are directed separately to both cars, the listener will 
locate the sound in the direction of the stronger tone. This is the apparent 
direction of the sound. It occurs in everyday life. The ear which is turned 
towards the source of sound perceives a stronger sound than the other 
ear, since the latter is partly screened by the head which is in the way of 
the sound wave propagation. 

The extent of screening is determined by the relation between the size 
of the screen and the length of the sound wave. As before stated, the wave- 
length of audible sounds ranges from several centimetres to several metres. 
The longer the wave, the less pronounced the screening, since the sound 
wave makes a detour. For low tones the difference in sound intensity in 
the right and left ears is so negligible that it is not sensed at all. The 
intensity difference for high tones is quite perceptible. For frequencies 
above 5,000 cycles this difference may reach 30 db. Hence, the ability to 
judge the direction only of high tones is accounted for by the difference 
of sound intensity in both ears. Practice shows, however, that the human 
ear can also judge well the direction of low tones. 

As regards low tones it is possible that the ability to judge their direction 
depends on the difference in the time the equal phases of the sound wave 
arrive at both ears. Special experiments demonstrated that if two sounds 
of equal intensity were brought to both ears the judgement of the direc- 
tion was determined by the phase difference. 
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Practice also shows that the ability to judge the direction of the sound by 
the difference in the time the equal phases arrive at both ears is lost if the 
sound wave is shorter than double the distance between the ears. For exam- 
ple, the length of the sound wave of a tone of 700 cycles equals 48 cm. It 
is possible to judge the direction of this sound by the phase difference. It is 
difficult to judge the direction of a tone of 800 cycles, whose wavelength is 
42.5 cm., only by the phase difference; for higher tones such judgement 
becomes altogether impossible. 

Thus the direction of low tones can be judged by the phase difference. 
the direction of high tones—by the intensity difference. 

The auditory analyser can judge not only the direction of the sound, but 
also the distance of its source. The distance is judged by an estimation of 
the sound intensity, which is possible only if the intensity and timbre of 
the given sound were already differcntiated by the listener before. Differ- 
cntiation of the sound source requires joint. activity of both hemispheres. 
After transection of the corpus callosum in the dog it was impossible to 
elaborate a differentiation to the sound source (a whistle with 1,500 vibra- 
tions per second) (K. Bykov). 

Normally judgement of the direction of a sound and the distance oI its 
source is a very complex process in which cach of the aforesaid factors 
plays an essential role. It will be observed that in judging the direction of 
the sound (especially in the vertical plane) the shape of the head and of the 
auricles is also very important. The latter are, apparently. important in 
iocating the source of the sound situated behind or in front of the head. The 
movement of the head, or the displacement of the body in the direction of 
the source of sound is another factor which greatly facilitates judgement 
of its direction. The importance of the joint activity of a number of ana- 
lysers in judging the direction of a compound sound under natural con- 
ditions is evident from the fact that persons deaf on one ear learn to judge the 
direction of sounds if they repeatedly differentiated the nature of the sounds. 

Sound-locators used in warfare for locating various sources of sound in 
the air and in the water (airplanes, guns, submarines, cte.) are based on 
the principle of the binaural phasic effect. 


Resonance Theory of Hearing 


Of all the existing theories of hearing the resonance theory, advanced 
by Helmholtz in 1863, is the most substantiated and agrees with the clinical 
and experimental data. 

On the basis of the structural features of the cochlea Helmholtz assumed 
that the fibres of the basilar membrane of the cochlea were set into sym- 
pathetic vibration by the sounding tone according to the principle of 
resonance. 

We know from the description of the fine structure of the cochlea that 
the basilar membrane is approximatcly 3 to 4 times as narrow at the base 
of the cochlea as it is at the apex (0.16 mm. at the base and 0.52 mm. at 
the apex). Thus the transverse fibres of the basilar membrane, which num- 
ber about 24,000, gradually grow longer from the basc to the apex. The 
fibres of the basilar membranc are very loosely connected, but are stretched 
by the spiral ligament. The latter is more developed in the lower spirals 
of the cochlea, which warrants the assumption that here the tension of the 
transverse fibres of the basilar membrane is greatcr. 
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According to Helmholtz’s resonance theory, each of these fibres is, like 
a string, tuned to a definite tone, to which it resounds. In reality, however, 
not one but several fibres always vibrate, the number of vibrating fibres 
being the greater the stronger the sound. The number of sympathetically 
vibrating fibres is smallest at the threshold of sound intensity. The sound- 
receiving elements of the cochlea are so disposed that high tones are per- 
ceived at its base and low tones at its apex. This conception of the receptor 
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Fig. 321. The nature of disorders of hearing resulting from 
partial legion in cochlea. 

Figure echeinutically shows unfolded basilar membrano of cochlea as 

horizontal lines with black bands plotted on them according to fre- 

queney tones lost after injury to cochlea. Toy—linear scalo (in min.) 

of basilar membrane indicating frequencies perceived by its separate 

parts. lu dog Iks cochlea was destroyed in region of main cochlear api- 


ical and functional 
changes in the cochlea 
resulting from unduly 
long-continued action 
of sounds of different 
intensities and fre- 
quencies on therecep- 
tor apparatus, show 
that the degenera- 
tive and functional 
changes are localized 
in the organ of Corti 
by the frequency of 
the injurious sound. 
Protracted action of 
highfrequency sounds 
produces changes in 
the lower spirals of the 
cochlea; action of low- 
frequency sounds, in 
the region of its apex. 

Helmholtz’s theory 
was substantiated by 
L. Andreyev’s experi- 


ral; in dogs Kossoi and Jerry, in rogion of upper cochlear spiral; and in 
the dog Vulkan, in region of middle cochlenr spiral (after J.. Androyev). 


ments; using the 
method of conditioned 
reflexes, he established with considerable precision the nature of the func- 
tional disturbances of hearing resulting from a partial lesion of the cochlea. 

The experiments were performed on dogs in which alimentary (salivary) 
conditioned reflexes had been elaborated to pure acoustic tones from 50 
cycles and over to the upper limit of hearing, and to various noises. Com- 
plete destruction of the cochlea on one side did not affect the conditioned 
reflex reactions of the animals. A subsequent partial lesion of the cochlea 
on the other side showed that the nature of the resulting changes in hear- 
ing depended on the location of the lesion. The closer the lesion to the base 
of the organ of Corti, the higher the frequency of the tones to which the 
conditioned reaction disappears and, contrariwise, the closer to the apex of 
the cochlea, the lower the frequency of the tones. Thus a local lesion of 
the cochlea causes a disturbance of its function only as regards a definite 
group of frequencies, while the intact part of the cochlea retains its ability 
to react to sound stimuli of corresponding frequencies; at the same time the 
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ability to differentiace sounds according to their pitch is also retained 
(Fig. 321). 

Experimental data obtained by other methods agree with these results. It 
has been established, for example, that the electric response of the cochlea 
to high-pitched or low-pitched tones considerably declines depending on 
the location of the lesion in the cochlea. 

Clinical observations of patienis with various hearing defects also 
provide valuable materia] which testifies that tones are perceived according 
to their frequency at optimal zones of the basilar membrane. Of great 
interest in this respect are the results of histological studies of the inner 
ear in deceased patients whose hearing had becn examined during their 
life and its defects were well known. A rather strict conformity was estab- 
lished between the site of the lesion and the frequency of the tones to 
which they had been completely or partly deaf. 

But Helmholtz’s resonance theory meets with some objections. It is 
difficult, for example, to explain by this theory the tremendous range 
(from 20 to 20,000 cycles) of perceivable tones of dillerent frequencies. 
This phenomenon can be explained only if we assume that the elasticity of 
the different parts of the basilar membrane varies tremendously. The 
resonance theory also meets with difficulties in explaining the binaural 
effect which manifests itself in judging the direction of the sound. 

In order to climinate the aforesaid difficulties some additions to the reso- 
nance theory have been made. It is assumed that under the action of a 
tone not only the fibres which resound to the given frequency vibrale, but 
also other fibres of the basilar membrane and the cochlear fluid. The 
maxima of the resonance are distributed along the basilar membrane 
according to the frequency of the exciting tone, while the sensation of the 
tone is determined by the site of the maxima) amplitude of vibrations of 
the basilar membrane. In this form the resonance theory mects with fewer 
objections from the point of view of the physics of the inner ear. 
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PART XV 
VOICE AND SPEECH 


CHAPTER 72 
VOICE 


Of all the stimuli acting upon the auditory analyser of man some of the 
most important are the articulate sounds which constitute speech. There is 
no doubt that the development of speech has greatly contributed to per- 
fecting the work of the auditory analyser. The ability to produce sounds is 
connected with the existence of a special vocal apparatus. While speech is 
inherent only in man, many animals also possess vocal apparatuses. 

The human vocal apparatus consists of the larynx with its vocal cords 
which are set into vibration by currents of air emitted from the lungs. The 
cavities situated highe:—the pharyngeal, oral and nasal—play the part of 
resonators which amplify separate overtones of the sounds that are pro- 
duced and thereby determine the timbre peculiar to individual voices. 
Voice is produced not so much by the vibrations of the vocal cords, as by 
the condensation and rarefaction of the column of air, caused by these 
vibrations, mainly above the vocal cords. 

Unlike reed wind-instruments where a column of air is caused to vibrate 
by the vibrations of an elastic recd in the direction of the current of air, 
ie., the longitudinal direction, the vocal cords vibrate mainly in the direc- 
tion transverse to the current of air. While in a rced wind-instrument the 
frequency of vibrations is determined by the length of the tube and the 
reed, in the larynx the pitch of the tone depends on the length and tension 
of the vocal cords and on the strength of the blast of the air. Besides, the 
vocal cords produce sound under the action not only of expiratory, but also 
of inspiratory currents of air. 


Structure and Function of Vocal Apparatus 


The skeleton of the larynx is formed by a number of cartilages con- 
nected by joints and ligaments. They include first of all: the thyroid car- 
tilage, the cricoid cartilage and the two arytenoid cartilages. The thyroid 
cartilage, the largest in the larynx, consists of two plates joined together 
in front at an angle. The posterior margin of each plate forms two proc- 
esses—the superior and inferior cornua of which the second articulates 
with the cricoid cartilage situated lower. The latter has the shape of a ring 
and passes posteriorly into a broad plate. By its two inferior articulate 
surfaces the cricoid cartilage articulates with the inferior cornua of the 
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thyroid cartilage, while the articulate surfaces on the corners of the upper 
margin of the plate join with the articulate surfaces of the arytenoid 
cartilages lying above. The bases of the arytenoid cartilages are located on 
the upper margin of the plate of the cricoid cartilage. At the base of the 
arytenoid cartilage lies the vocal 
process which is directed towards the 
cavity of the larynx and to which the 
ligamentum vocale is attached: here 
also is the muscular process which 
is extended outwards. 

The epiglottis situated in front of 
the upper opening of the larynx is a 
valve which closes the entrance to the 
larynx and prevents food and saliva 
from getting into it. The cavity of the 
larynx islined by a mucous membrane. 

The true vocal cords (ligg. vocalia 
vera) are two symmetrically situated 
folds of the mucous membrane of 
the larynx containing clastic fibres. 
Anteriorly they are attached to the 
angle of the thyroid cartilage and 
posteriorly to the vocal processes of 
the arytenoid cartilage. The medial, 
free margins of both vocal cords pro- 
trude into the larynx as pointed cdges. 
which form the glottis (rima glottidis). 
A vocal and a respiratory part are Wig. $22. Muselesof larynx (posterior view). 
distinguished in the glottis. The vocal ; -posterior ericoarytenoid muscle; 2—tranaverse 
part is represented by the anterior = arytenoid musele; a and 4- oblique arytenoid 
section of the glottis enclosed within muaa aa aryopigiettig muiel: 
the vocal cords. The respiratory part 
is considerably shorter; it is bounded by the medial surface of the vocal 
processes of the arytenoid cartilages. It looks like a hollow in the posterior 
part of the glottis. It is usually open, inspiration and expiration being 
freely effected through it even when the glottis is closed. 

Above the true vocal cords are the less distinct false vocal 
cords (ligg. vocalia 
spuria). These cords 
take no part in 
the production of 
voice. Between the 
true and false vo- 
cal cords, on the 
lateral wall of the 
larynx there is a 
pocket-shaped recess 
—the laryngeal ven- 
Fig. 323. Action of cricoarytenoid museles -posterior (loft) tricle (ventriculus la- 

and lateral (right). ryngis) which in some 


Horizontal section of arytenoid cartilages: during quiet reapiration (sol- i is a highl 
id line) and during contraction of theeo muscles (dotted line), Direction animals z gemy 
of tractive foree is indicated by arrows, resounding cavity. 
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Changes in the position and tension of the vocal cords are due to the 
displacement of the movable cartilages of the larynx caused by contraction 
of definite muscles (Fig. 322). If, for example, the thyroid cartilage turns 
forwards on the horizontal axis which passes through the cricothyroid 
joints the anterior point of attachment of the vocal cords moves away 
from the posterior point and the vocal cords 
lengthen and tense. When the arytenoid carti- 
lages come closer or move away from each 
other, or when each of them turns on its 
vertical axis, which is connected with a 
displacement of the vocal processes, the 
aperture of the glottis is respectively nar- 
rowed or widened (Fig. 323). 

Contraction of the symmetric cricothyroid 
muscles tenses the vocal cords. Contraction of 
the thyroarylenoid muscle relaxes the vocal 
cords. Contraction of the postcrior cricoary- 
tenoid muscles widens the opening of the 
glottis, while contraction of the lateral crico- 
arytenoid, thyroarytenoid, transversal ary- 
tenoid and oblique arytenoid muscles causes 
the glottis to narrow (Fig. 322). 

The movements of the vocal cords can 
be directly observed with a laryngoscope—a 
small round mirror fastened to a handle at 
a 45" angle. The back of the mirror is brought 
to the posterior wall of the pharynx, while 
the tongue is kept out of the way. Using a 
concave mirror fixed on his forehead, the 
observer directs a light reflected from an 
external source onto the laryngoscope to 
light the vocal cords. The vocal cords thus 
reflected by the laryngoscope can be scen by 
; a the observer. 

Fig. 324. Laryngeseopic views Laryngoscopic examination shows that 





iad naan . during quict respiration the glottis has the 
cl---during production of high nate in : , : 
singing; 7f---in normal inspiration; form of a triangle (Fig. 324). In deep respl- 

C—in vory deep inspiration. ration it considerably dilates exposing the 


bifurcation of the trachea. When a sound 
is uttered the free edges of the vocal cords tense and come so close together 
that only a narrow cleft between them is left. At this time the vibration 
of the free edges of the vocal cords can be observed. 


Innervation of Vocal Apparatus 


The larynx is innervated by the sympathetic nerve and by two branches 
of the vagus—the superior laryngeal, predominantly afferent, and the in- 
ferior laryngeal, exclusively efferent (motor) nerve. Only the cricothyroid 
muscles are innervated by the superior laryngeal nerve; all the other 
muscles of the larynx, by the inferior laryngeal nerve. 

Transection of the inferior laryngeal nerves paralyzes the vocal appara- 
tus and results in the loss of voice. Transection of the superior laryngeal 
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nerves only modifies the voice. Bul. since this excludes all the afferent 
innervation of the laryngeal mucous membranc and since, therefore, 
defensive reflex movements can no longer be effected (lowering of the 
epiglottis, closure of the glottis, coughing), foreign substances (food, saliva) 
may penetrate into the trachea and bronchi and thus cause pneumonia 
and death. 

The vocal apparatus is under the control of the cerebral cortex. Cor- 
tical impulses both start and regulate it. But the delicate control of the 
laryngeal muscles particularly manifest in the acts of singing and speech 
is impossible without the afferent impulses from the receptor formations 
contained in the muscles, tendons and ligaments of the vocal apparatus. 
In this case, as in other receptor systems, the cerebral cortex performs a 
certain analysing function owing to which the speech motor analyser may 
be regarded as a particular form of activity of the motor analyser. The 
cortical nucleus of this analyser is situated in the region of the second 
and third frontal convolutions. The possibility of unconditioned reflex 
manifestations of the vocal reactions, for example. in pain. indicates the 
existence of subcortical centres of vocal reaction; these centres, however, 
are under the control] of the cerebral cortex which can inhibit the mani- 
festation of such reactions. 


Characteristic Features of Human Voice 


The scale of frequencies reproduced by human voices ranges from 80 to 
1,024 cycles. The individual voice encompasses about two octaves, i.e., the 
ratio between the extreme frequencies is approximately 1:4. In some cases 
the compass of an individual voice may be of four octaves. li may be 
observed by way of comparison that. the piano has 7 octaves and the organ 
8 octaves. 

According to the pitch of phonation the following vocal registers are 
distinguished: bass (80 to 341 cycles), tenor (128 to 518 cycles), alto (170 to 
683 cycles) and soprano (246 to 1.024 cycles). The vocal register is deter- 
mined principally by the length of the vocal cords. Women’s vocal cords 
are shorter than men’s (15 to 18mm. against 20 to 24mm.) and their 
voices, therefore, have a higher pitch than those of men. In boys the size 
of the larynx considerably increases al puberty, owing to which the voice 
passes to a lower register. 

Variations in the pitch of the sound are produced by changes in the ten- 
sion of the vocal cords, in the length of their vibrating part and in the 
pressure of the air which passes through the glottis. The vibrating 
part of the vocal cords is shortened because the cords approach cach 
other to the point of contact in the posterior part of the glottis, as 
a result of which only the anterior part of the vocal cords continues 
to vibrate. The higher the pitch of the sound, the tenser the vocai 
cords, the shorter their vibrating part and the higher the pressure 
of the air in the larynx. Observations show that when a tone ol 
medium intensity and frequency is produced, the air pressure in the 
trachea reaches 230 mm. H,O. The intensity of the sound is approx- 
imately proportional to the force of the blast of expired air. 


CHAPTER 73 
SPEECH 


Speech is a specific human function which developed in the process of 
collective labour as a means of intercourse; it is indissolubly connected 
with the development of abstract thinking. 


Peripheral Apparatus of Speech 


The peripheral apparatus of speech is the aforesaid vocal apparatus of 
the larynx with the cavities of the pharynx, mouth and nose situated above 
it. The laryngeal sound-producing apparatus alone is not enough to produce 
al] the sounds which constitute articulate speech. The vocal cords of the 
larynx can only produce sounds of different pitch, but of the same timbre. 
But speech is characterized by complex variations in the timbre of the 
sounds produced by the larynx. These variations are produced in the 
cavities of the pharynx, mouth and nose. 

Speech is composed of “vowels” and “consonants.” The vowels are tonal 
sounds, while the consonants are predominantly noise sounds. 

The vowels are formed as follows: in addition to the fundamental fre- 
quency the compound sound. produced by the vibrations of the vocal cords, 
contains a large number of overtones whose frequency exceeds the funda- 
mental frequency 2, 3, 4,5 and more times. The formation of overtones is 
due to the fact that the vocal cords, like strings, vibrate not only by their 
entire length, thus producing the fundamental tone, but also by their 
smaller parts—halves, thirds, fourths, etc. The amplitude of these partial 
vibrations steadily decreases while their [requency increases (inversely 
proportional to the length of the vibrating part). As before stated, it is the 
overtones which impart the timbre to a voice. 

The laryngeal sound, rich in overtones, is essentially modified in the 
cavities of the pharynx and mouth. These cavities play the role of resona- 
tors which can be tuned to different frequencies of vibrations, since their 
form and size can considerably vary, especially because of the changes in 
the position of the tongue and lips. Differently resounding cavities amplify 
the corresponding overtones and these modifications of the larynyeal sound 
determine the distinctions between different vowels. 

Thus, owing to the resonance properties of the cavities lying above, a 
sound arising in the larynx acquires the features of a definite vowel. In 
other words, the component parts of the vowels are overtones of the 
fundamental tone produced by the vocal cords (Helmholtz). 

X-ray pictures of the oral cavity taken during the pronunciation of the 
vowels a, e, i, o, u show in each case a different position of the tongue and 
a resulling difference in the form and size of the resounding cavities. 
Oscillographic records of sound vibrations produced by pronouncing vowels 
show both the fundamental tone and the higher overtones. 

In contrast with vowels which are tonal sounds, in the formation of 
consonants an essential role is played by noise sounds arising in the cavities 
of the pharynx, mouth and (in some cases) the nose. The following groups 
of sounds are distinguished in the phonation of consonants depending on 
the degree of participation of the vocal cords (voice): 1) semivowels—such 
as l, m, n, r, in which voice predominates over noise and which by their 
nature come close to vowels; 2) voiced consonants—such as b, d, g, v, Z, 
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ete.—the formation of which, in addition to noise, also involves the voice: 
3) voiceless consonants—such as p, f, t, s, k, etc., produced by noise sounds 
without the participation of the voice. 

The noise components of the consonants arise as a result of friction of 
the stream of air when it passes through the narrowed pari of the oral 
cavity—the fricative consonants—or as a result of the abrupt opening of 
the closed oral cavity—the explosive consonants. The fricative consonants 
(Lat. fricare—to rub) include the sounds produced by the passage of a 
stream of air through the slit formed as a result of the approximation of 
the tongue to the upper teeth (d, t), to the hard palate (z, r), and to the soft 
palate (g, k), and through the opening formed by the lips (v. f), or tecth (s) 
when they are brought together. The explosive consonants include the 
sounds which arise when the lips are abruptly opened (b, p). 

Whispered speech docs not involve the vocal cords, i.e., it consists exclu- 
sively of noise sounds. To whisper vowel or consonant. sounds the cavities 
of the mouth, nose and pharynx assume the same position as when these 
sounds are pronounced aloud. The passing stream of air (both expired and 
inspired) produces corresponding sounds by its friction against the walls of 
the aforesaid cavities. In this case there are no tones. 


Central Speech Apparatus 


The activity of the peripheral speech apparatus is fully controlled by the 
cerebral cortex: if proceeds exclusively under the influence of cortical 
impulses. This testifies to the existence not only of efferent (motor) inner- 
vation of the various parts of the speech apparatus (respiratory muscula- 
ture, muscles of the larynx, pharynx, organs and walls of the oral cavity), 
but also of fine afferent signalization effected by various parts of this appa- 
ratus through the medium of sensory structures situated in the muscles, 
tendons and ligaments. The delicate analysing aclivity of the corresponding 
cortical centres is possible only in the presence of such afferent signali- 
zation, which Pavlov called kinesthetic. The two-way innervation connec- 
tion between the ccrebral cortex and the various parts of the peripheral 
speech apparatus is effected by a number of cranial nerves. 

Speech, as a specific human function, which arises simultaneously with 
man’s ability of abstract thinking, is in some measure connected with the 
activity of the entire cerebral cortex. At the same time clinical observations 
show that certain pathological disturbances of speech are due to lesion 
of definite parts of the cortex. There are, for example, two forms of aphasia 
(loss of the power of speech)—motor and sensory. Motor aphasia manifesis 
itself in the inability to coordinate the work of the muscles of the speech 
apparatus, which is indispensable for the pronunciation of words, although 
the motor innervation of these muscles taken scparately is intact. This 
disorder of speech is usually due to a lesion of the cortex in the region of 
the second and third [frontal convolutions (Broca’s area, see Fig. 280, I). 
Sensory aphasia (word deafness) manifests itself in the fact that the patient 
hears spoken words but is unable to understand them; this means that the 
connection between the word as a conditioned stimulus with the stimuli 
signalized by it has been lost. This speech disturbance is usually observed 
in lesions of the cortex in the region of the superior temporal convolutior. 
(Wernicke's area, see Fig. 280, IJ). 

These facts show that separate sections of the cerebral cortex possess 
specific features as regards speech. 


Speech as External Manifestation of Second Signalling System 


Pavlov regarded speech as the external manifestation of the second 
signalling system which interacts with the first signalling system 
(Chapter 65). 

Defining speech from the physiological point of view as the “signal of 
signals,” Pavlov did not confine the second signalling system to speech 
activity alone. He connected this activity with generalization and abstrac- 
tion, with the “specifically human, higher mentality.” Thus, according to 
Pavlov, the second signalling system represents a direct and inseparable 
interconnection of speech and thinking activity. The origin and develop- 
ment of abstract thinking and speech are historically connected with the 
social production activity of men, with the social conditions of human 
society. 

The abstraction of verbal signals from concrete stimuli is facilitated by 
the formation of complex chains from combinations of verbal stimuli, since 
a considerable part of verbal signals are elaborated in adults not because 
of a combination with the direct action of external or internal agents. but 
because of a combination with the previously elaborated verbal designa- 
tions. The complex chains of abstracted verbal designations may consist of 
a large number of links, but the initial link is indispensably connected with 
the action of concrete agents upon the first signalling system. 

Of exceptional importance for the study of the second signalling system 
is Pavlov’s following statement concerning the unity of the fundamental 
laws of activity of the first and second signalling systems: ‘...if cannot be 
doubted that the fundamental laws governing the activity of the first 
signalling system must also govern that of the second, because it, too, is 
activity of the same nervous tissue.”* 

Indecd, the study of the origin and development of children’s speech 
shows that the development of the second signalling system in a child 
proceeds according to the laws of formation of cortical temporary connec- 
tions (N. Krasnogorsky, A. Ivanov-Smclensky, K. Bykov et al.). 

From the second half of the first year of life, when conditioned reflexes 
and differentiations of the first signalling system begin to be formed in 
children, they manifest initial speech noises which become gradually differ- 
entiated into speech sounds and syllables. By the end of the first year the 
child begins to combine separate syllables into simplest words. The first 
speech reactions rapidly acquire properties of conditioned stimuli. By the 
end of the first year the child already speaks 4 or 5 words. 

In the child's normal verbal intercourse with the surrounding people 
verbal connections are formed by way of imitation (through the medium 
of auditory and visual stimuli) and are fixed by repetition. After the verbal 
connections have become fixed external and internal stimulations of the 
first signalling system begin to evoke speech reactions. 

The second year is a period of rapid development of the child’s speech 
activily. The stock of words increases; it includes from 200 to 400 words, 
reproduced by the child in the form of binomial and trinomial combina- 
tions. At the same time the grammatical system of speech begins to take 
shape. In the second year of life the child shows the first signs of abstract 
thinking expressed in the transformation of words from simple stimuli 
into “signal of signals.” 


* IL Pavlov, Complete Works, Vol. IH, Book 2. p. 336. 
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Transformation of a word from a simple acoustic stimulus of the first 
signalling system into a “signal of signals” with the property of an element 
of the second signalling system requires the formation and accumulation of 
a sufficient number of conditioned connections with the given word. 

Of interest in this respect are the results of observations carried out on 
children of the age of one year and eight months (M. Koltsova). Conditioned 
connections to the word “doll” were elaborated in two groups of such 
children: three conditioned connections with a large number of reinforce- 
ments (about 620) were elaborated in one group and 30 conditioned connec- 
tions with much fewer reinforcements (about 120) in the other group. Sub- 
sequently both groups of children were subjected to the following test: each 
child was told to collect all the dolls by picking them out of a large number 
of various toys. The children of the first group failed: they either picked 
out the single doll which had always been used in the experiment, or col- 
lected all the toys indiscriminately. To them the word “doll” was either a 
simple conditioned signal, or a primitively generalized signal without any 
adequate differentiation of stimuli. The children of the second group col- 
lected all the dolls differentiating them from the remaining toys; to them 
the word “doll” had already become a “signal of signals” with the property 
of a generalizing stimulus. 

If the number of conditioned connections elaborated to the given word 
is increased and the foregoing test is repeated, the following fact clearly 
manifests itself: the word becomes a gencralizing stimulus after elaboration 
of 15 to 20 conditioned connections to it. As a large number of conditioned 
connections is formed the latent period of the reactions diminishes and the 
reaction itself becomes more stable and rapid. 

Thus, an increase in the number of conditioned connections elaborated 
to a conditioned signal is a physiological condition indispensable for the 
conversion of this signal into a “signal of signals.” This also pertains to the 
formation of the meaning of each word. 

Pavlov’s theory of the second signalling system crowns his entire creative 
scientific work. By disclosing the physiological principles of speech (lan- 
guage) and thinking he laid a firm materialist foundation for a natural- 
scientific elaboration not only of the physiology of the brain, but also of 
such branches of science as psychology and psychiatry. Here, too, the 
underlying guiding principle is Pavlov’s postulate concerning the unity ol 
the fundamental laws of activity of the first and second signalling systems. 
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— cifect on the heart, 124 

Time 

— “measure” In the organism. 
376 


Time retlexes, 221 

Timpanic organs 

— — of the invertebrates, 724 

Tissue fluid, 74 

Tocopherol, 328 

Tone 

-- of smooth musciec, 440 

— of skelctal musele, 481 

-= plastic. 021 

— regulation of the museular, 
567 

Tongue 

— fasie sensibility of, 690 

— receptors of. 687 

Tonometers, 206 

Touch, reception of, 670 

Toxins, 46 

Traube-Hering curves, 142 

Trachea, 183 

Tremor, 663 

Trichromatie theory, 718 

Tricuspid valve, 87, 91 

“Trigger juice.’ 262 

Tripsinogen, 277 

Tritanopia, 718 

Trophoblast, 452 

Trypsin, 274 

Tubular reabsorption. 305 

Tumours, Malignant. 68, 317 

Twitch, single tetanized, 510 


U 


Ulcers, 259 

Ultratiltrate of the blood plasma, 
393 

Uraemia, 58, 321 

Urea, 319 

Ureters, functions of, 40) 

Urethra, 411 

Urie acid, 419 

Urinary bladder 

— — absorption in, 301 

— — axonereilexes Of, 434 

— — emptying of, 4}1, 412 

— — functions of, 411 

— — innervation of muscles of, 
i. 

— — muscle fibres of, 411 

— — sphincter of, 411 

Urine, 388 

— amount of, 404 

— composition of, 387, 396 

— composition of primary, 396 

— concentration index of, 40t 

-- differences between com- 
position of urine and that of 
blood plasma, 301 

— “final.” 995 

~- asmotic pressure of, 381 

pigments of, 284 

primary, 393, 395 

reaction of, 391 

— substances with low threshold 
of elimination in, 401 

— substances with high thresh- 
old of elimination in, 401 

— tubular, 369 

Urine production 

— — elfect of hormoncs on, 405, 
406 

— — influence of blood pressure 
on, 394 

— — influence of cerebral cor- 
tex on, 407 

— — influence of 
pressure on, 394 


intrarenal 


Urine production 

— — influence of nerves on, 406 

— — secretion of, 397 

<- ~- substances with high and 
low threshold of clemination, 
401 

Urobilinogen, 284 

Uterus, 452 

— modilleations of the mucous 
membrane of, 442 

Utrieulus, 694 

v 

vagus, 112 

— inhibiting liofluences 
the heart, 112 

<- severing of, effect on expira- 
tion, 216 

Van Slyke’s apparatus, 67, 199 

Vascular tone, 149 

Vasoconstrielor contre, 154, 155. 
157 

=- = ONTO! 
on, 157 

— — inhibition of, 160, 164 

-- — paralysis of, 157 

— — spinal, 154, 155, 157 

-= — stimulation of, 157 

Vasoconstrictor nerves, 
regulation Of, 167 

vasoconstrictor nerve Nbres, 149 

Vasoconstrictors, 150-152 

— and vasodilators. 144 

Vasodilator nerve fibres, 15l 

Vasodilators, 152 

Vasoniutor centre, 154-157 

— — bulbar division of, 154. 155 

-= — effect of chemical sub- 
stances on, 158 

— = — of muscular 
175, 176 
--— =- of stimulation 
cerebral cortex on, 

Vasopressin, 158, 432 

Veins. 84 

<. blood pressure in. 142, 44 

— innervation of, 151 

cay of the blood flaw in, 

venae cavac, AN 

Venous blood, 379 

Venous synus, 99, 100 

Venous system of the heart, 179 

Ventilation, alveolar, 194 

— of the lungs, 190 

— pullnonary, 191 

Ventricles 

— period of reduced ejection of, 
BT 

— period of relaxation of. 87 

Ventricular complex, 16 

Venules, A0 

Vestibular 

— nucicus, 586. 592, 695 

— apparatus (analyser of posi- 
tions and movements of head), 
694 

— — central division of, 695 

— -- stimulation of, 696 

— — importance of, in flying a 

plane, 697 

stibulaspinal tract, 581,584, 592 

sol, 385 

Vieussens, loop of (Ansa Vieus- 
senii). 111 

Villikinin, 289, 303 

Virilism 

— adrenal, 429 

Visceromotor reflexes, 572. 

Visccrusensory reflexes, 682 

Viscero-visceral reflexes, 572 

Viscosimeter, 48 

Vision. 697 

=. acuity of, 721 

— binocular. 722 

— central, 703 

=- colour, 713, 715 


of, un 


OF carbon dioxide 


reflox 








work 


al 
156 


on, 


the 
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Vision 

eolour 

~= disorders of, 714 

— theories of, 718-719 

daylight, 712, 715 

- Beld, 722 

n frequency, 714 

perception of muvements. 

=- peripheral. 703 

smuhaneous contrast in. 717 

successive contrast, 717 

Visual analyser, sensitivity 
715, T16 

Visual purple or rhodopsin, 318. 
427, 700, 709 

Vitalism. 25 

Vitamin(s). 324, 3JL 

— A (antixerophthalmic), 
$27, 352, 709 

— 16 cumplex, 306, 329-330 

— Bi dantineuritie), 329, 332 

— ib, 330, 332 

B,. 330 





428 








of, 


326, 






-- Č. 33, 332 

biological role of, 131-4332 

+ delciency, 332 

— I, 328, 332 

fat-soluble, 317, 326 

— AX. 324, 332 

necd of the organismin, 825, 3932 
P (citrin), 331 

PP (antipeNagra), 330, 332 
studying of, 824, 325 

— synthesis of, in the organism, 








332 

Vitreous body, 699 

vivisection, 17, 24 

Vivodialyzers, 410 

Vocal apparatus 

= = Structure and function of, 
740-742 

vocal 

~~ repislers, 743 

— cords, 741 

Voice, 740 

-— characteristic features of bu 
man, 743 

Vornitingg. 272 

= caused by 
flexes, 273 

Vomiting centre, 273 


conditioned re 


w 


Walking, mechanism of, 482 

Water, 30. 338, 348 

— absorption of, 309 

— and tissue Anid, 74 

— content in the organism 
34, 338 

— elimination of, 339. 404 

— free, 338 

— hunger, 339 

— hydration, 338 

~ mtake, 404 

— in the organism, aso 

— metabolism, 330-340 

— passing of, [rom tissues Inte 
blood. 75 

— production of, in the orgun- 
ism, 339 

— tatal daily requirement of. 330 

— Water-salt metabolism, sav 

Weber's data. 677. 733 

Weiss's oquitlon, 494 

Wernicke’s area, 745 

Winking, 584 

Wounds, beallng of, 326 


aas, 


x 
Xantophyll, 317 
Xerophthalmla, 336 
Y 


Yellow enzymes, 330 
Yelow spot, 70! 
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